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Silicon carbide (SiC) is the most appropriate semiconductor material for power 
devices, electric vehicles, and 5G technology due to its high bandgap, high electric 
breakdown field, and high thermal conductivity. However, it is hard to be processed 
because of the high hardness and chemical inertness. SiC usually takes a long time and 
consumables in the planarization of chemical mechanical polishing (CMP) process by 
conventional SiO2 abrasive slurry. Besides, the scratches easily appear on polished SiC 
surfaces while using diamond powder as the abrasive of slurry though diamond slurry 
approaches a high removal rate. Therefore, this thesis aims to develop novel and 
auxiliary abrasives for colloidal SiO2 based slurry of SiC CMP. 
 
Two types of water-soluble fullerene(C60)-derivatives, cyclodextrin inclusion 
complex (C60/cyclodextrins, C60/CDs) and polyhydroxylated fullerene/fullerenol 
(C60(OH)n), are added with SiO2-based slurry, respectively. Two types of hybrid 
abrasive slurries behaved significantly in the increase of material removal rate (MRR). 
By the nanoindentation test, relatively low surface hardness was measured while 
Berkovich tip (diamond indenter) pressed the C60/ -CDs adsorption layer and 
penetrated the SiC substrate. Based on it, a removal mechanism of the C60-derivative 
hybrid abrasive was proposed in the article. For cost reduction and eco-friendliness, 
extending the usable period of hybrid abrasive is necessary. To inspect the degrading 
rate of the hybrid abrasive slurry, a polishing mode, named batch-reused slurry (BRS), 
is implemented to record the performance of reused slurry over cycles. The result of 
C60/ -CDs and SiO2 hybrid abrasive indicated the increases of MRR by 8~28% 
compared to mere SiO2 abrasive. Still, the whole MRR with reused slurry descended 
since C60/ -CDs abrasive clogged in the slits of pad asperities. On the other hand, 
C60(OH)12/DMSO hybrid SiO2 hybrid abrasive showed more significant increases of 
MRR by ca. 90% in 5 cycles and less clogging happened since C60(OH)12/DMSO has 
the smaller and more uniform particle size than C60/ -CDs inclusion complex.  
 
In addition, the primary abrasive, SiO2, plays an important role. For example, 20 
nm SiO2 abrasive has no descending MRR over cycles, but the whole MRR appeared 
lower than 55 nm SiO2 abrasive since it is according to particle numbers. As to the 
finished quality of SiC surface, C60/ -CDs hybrid abrasive seemed to eliminate 
mechanical abrasion marks and reduces surface roughness (by AFM); whereas, 
C60(OH)12/DMSO hybrid abrasive enhanced the abrasion marks instead since the high 
affinity of adhesion to SiO2 abrasive, and high polishing efficiency. In the last part, an 
alkaline C60(OH)12 was applied to clean the Cu interconnection process to remove the 
residual inhibitor, benzotriazole (BTA), from the copper blanket wafer. The contact 
angle and XPS results showed no residual BTA remained on the copper surface after 
ultrasonically immersing with the 0.05wt% KOH-C60(OH)12 solution. In contrast, there 
were still residual indications cleaned by just the same concentration of KOH solution. 
The result indicated that C60(OH)12 has the abrasion behavior on hard-brittle material as 
solid abrasive and removing reaction of the copper-BTA complex layer as a chemical 
scavenger under the aid of KOH and ultrasonication. Eventually, the above results of 
SiC CMP have revealed that there is improvement needed to optimize between the 
selection of abrasive, polishing pad, particle concentration, and even pH value of slurry 
in future works. 
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Chapter 1. Introduction
Since technology promotion stemmed from human activities to live conveniently, 
modern products such as the 5th generation (5G) mobile networks, hybrid electrical 
vehicle (HEV), power plant system, and cosmonautic flight have been developed. In 
the previous several decades, silicon (Si), as the 1st generation (intrinsic) 
semiconductor material, has possessed dominance by the aspects of low-cost, high-
quality, and established mature techniques to accomplish integrated circuits (ICs). 
Recently, for the development of metal-oxide-semiconductor field-effect transistor 
(MOSFET) and insulated gate bipolar transistor (IGBT) [1,2], the performance of IC 
has been significantly modified in the field of silicon power-switching device. However, 
here comes a critical issue in this century—energy saving. We know that prominent 
material eventually faces physical limitations, and we need to seek alternatives. Thus, 
the 2nd and 3rd generation compound semiconductor materials (II: GaAs, InP; III: GaN, 
SiC) are thus sprung up. The 3rd generations are particularly applied for those fields 
which are operated in high temperature, high switching-frequency, and high-blocking 
voltage (>600V) power system. Silicon carbide (SiC) is regarded as the alternative to 
silicon in terms of the high transmittance, high saturated electron drift velocity, wide 
energy bandgap, large breakdown electric field, and high thermal conductivity. The 
developments of novel high-temperature electronics (high power LED, 
wind/hydroelectric power, geothermal energy system, high-speed railway) and electric 
vehicles have, hence, driven the demands on the increase each year. 
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As the 1st generation material, Si has dominated electronics markets for abundant, 
fully developed fabrication techniques in LSI/ULSI (Ultra Large-scale Integration) 
produced at an economical cost. In general, efficiency is mainly restricted by 
semiconductor devices’ performance in power and conversion systems. According to a 
series of evolution in development for power devices through revised designs, advanced 
manufacturing techniques, and fine quality of material, Si has approached significant 
advancements to the related fields in the last several decades. However, the associated 
makers found that theoretical limits of silicon material were at hand. Therefore, these 
designers looked for alternative solutions to meet requirements in advanced 
commercial/military hardware, i.e., high-power-density circuits and modules at the 
beginning of the 21st century. 
 
Replacing Si for the fabrication of power devices with broader bandgap materials 
and acceptable bulk mobility is one of the most promising approaches. As shown 
in Table 1-1-1, the 3rd generation semiconductor material, silicon carbide (SiC), 
realizes the high performance in power devices, e.g., an order of magnitude higher 
breakdown, around triple-wider bandgap, and about to triple-higher thermal 
conductivity than silicon. The higher breakdown field tolerates devices designed with 
thinner and taller doped blocking layers. The larger bandgap allows overcoming harsh 
environments, such as high temperature (<200℃) and ionizing radiation. Besides, the 
higher thermal conductivity leads dissipated heat to be extracted from the device. 
Consequently, full SiC devices can be fabricated as one-tenth thickness as the same 
design with silicon (referring to the schematics of MOSFET in Figure 1-1-1). 
 
SiC is an IV-group compound semiconductor material that the tetrahedron of the 
central Si atom bonds to four carbon atoms and vice versa. The distance (a) between 
two neighbor atoms is 3.08 Å, and the length of the Si-C bond is 1.89 Å. In addition, 
this Si-C binary phase of SiC has the nature of polytypism. This polytypism of SiC 
brings about a giant distinction of parameters to fabrication techniques and different 
exclusive properties in the relevant application of industry. According to the crystal 
structure, there are three mainly periodic structures in single crystals of SiC and 
symbols expressed, “C” for cubic, “H” for hexagonal, and “R” for 
rhombohedral. Figure 1-1-2 schematically represents the diagram of common SiC. 
Generally, cubic polytype is denoted by β-SiC, while hexagonal and rhombohedral are 
classified under α-SiC. 
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Moreover, there are three possible sites on Si-C bilayers, denoted by the 
orientation of A, B, and C. Because two bilayers cannot occupy the same site, other 
sites must settle in the next stacking plane. Theoretically, the possibilities of 
periodically stacking consequences are infinite. So far, although there are more than 
250 polytypes are generally claimed, a few dozen polytypes of SiC are effectively used 
in practice. The symbols, such as 3C, 4H, and 15R, indicate the number of layers for 
periodic stacking consequences along the c-axis (0001). Figure 1-1-3 describes these 
different layers arranged in the lattices of SiC. Depending on many stacking sequences, 
either physical or electronic properties vary from one polytype to another. Table 1-1-
2 enumerates the tiny difference between physical and electronic properties. Following 
the final product demands, an appropriate polytype SiC and the chosen production skills 
are thus mandatorily considered by manufacturers. The following subsection will take 
about the fabrication of SiC electronic devices. 
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Unit
1st generation 2nd generation 3rd generation
Si Ge GaAs InP 4H-SiC GaN
Bandgap (EG) eV 1.12 0.67 1.43 1.34 3.26 3.5
Relative permittivity ( r) (Vacuum=1) 11.8 16.2 12.8 12.5 9.7 9.5
Electron mobility ( n) cm2/V s 1,400 3,900 8,500 4,600 900 1,250
Hole mobility ( p) cm2/V s 600 1,900 400 150 100 200
Breakdown field ( ) MV/cm 0.3 0.1 0.5 0.5 3 3
Thermal conductivity ( ) W/cm 1.5 60.2 0.5 0.68 4.9 1.3
Saturation drift velocity (Vs) 107cm/s 1 0.6 2 2.7 2.7









Polytypic SiC Stacking sequences No. hexagonal sites (h) No. cubic sites (k) Hexagonality (%)
2H -AB- 1 0 100
3C -ABC- 0 1 0
4H -ABCB- 1 1 50
6H -ABCACB- 1 2 33


























Physical property Unit 3C 4H 6H
Lattice parameters [8] 4.3596 a= 3.0798c= 10.0820
a= 3.0805
c= 15.1151
Density g/cm3 3.21 3.21 3.21
Melting point [10] K 3,103 3,103 40 3,103 40
Thermal conductivity [10] W/m 360 370 490
Bulk module [10] GPa 250 220 220
Young’s module [8] GPa 310-550 390-690 390-690
Poisson’s ratio [8] 1 0.24 0.21 0.21
Electronic property Unit 3C 4H 6H
Bandgap [8] eV 2.36 3.26 3.02
Relative permittivity 1
9.72 [8] c-axis: 10.32 [8]c-axis: 9.76 [8]
c-axis: 10.03 [8]
c-axis: 9.66[8]










-3 0.1 5 10-9 1 10-6
Electron mobility cm2/V s
750 c-axis: 800c-axis: 800
c-axis: 60
c-axis: 400
1,000[8] c-axis: 1,200[8]c-axis: 1,020 [8]
c-axis: 100[8]
c-axis: 450 [8]
Hole mobility cm2/V s 40 115 90
Saturated electron
velocity 10
7 cm/s 2.5 2.2[8] 1.9[8]
*  : Estimated value
**: Experimental value
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Even though SiC dominates properties in power devices, it consumes high costs 
in manufacturing. Because the hardness of SiC is the third hardest after diamond and 
boron nitride, it results in taking a long time in cutting, grinding, and even precision 
polishing for the following considerable amount of thin-film deposition processes. Due 
to the robust nature of the Si-C bond (318 kJ/mol compared to 222 kJ/mol for Si-Si 
bond), it is to make the synthesis of SiC a challenge. SiC is impervious to chemical 
attack, which exhibits high chemical resistance, increasing the difficulty of fabrication 
in either transistors or micro-electro-mechanical systems (MEMS). Besides, the SiC is 
known as the hardest substrate material in semiconductor processes, shown in Table 1-
1-3. 
 
SiC electronics devices have to undergo fair amounts of processes, as shown 
in Figure 1-1-4. These fabrication series include the growth of SiC boule, dicing into 
substrate wafers, front-end of line (FEoL), the back-end of line (BEoL), the final 
packaging, and inspection tests. In FEoL, numerous polishing processes have been 
conducted to approach the prescribed thickness and planarization for each stage of 
processing art as grinding, lapping, and chemical mechanical polishing/planarization 
(CMP). Particularly, CMP processes are arranged between the processes of the thin 
films to realize the high-stacking efficiency and the reliability of electricity. Though 
CMP processes remove the least amount of material compared with grinding and 
lapping, it is extensively used in each deposition. It has a significant stake in the 
performance of devices because the finished surface will be the outset of heterogeneous 
materials. These previous researches of Table 1-1-4 have proposed varied techniques 
developed from the abrasive particles, chemicals, and hybrid energy to speed up the 
polishing rate. Still, they remain an excellent quality of the finished surface. We will 
see these introductions of the advanced SiC CMP in Chapter 2. 
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Ge (111) 7.12[13]9.2 0.5[14]
SiO2
film on Si(100) 11~14*1[15]
- 9 [17]
SiC (0001) 22.9*2 [13]







synthetic diamond (111) 100 [17]




Sublimation Sawing Lapping/Polishing Epitaxy
Thin Film deposition:
Photolithography Deposition(CVD/PVT) Etching/CMP Cleaning
Metallization:
Photolithography Copper Dual Damascene CMP Cleaning
Die
Back grinding Dicing Flip Chip Shaping
Chip
Binning Pick-and-Place Packaging Housing
Application:
I. Discrete Devices (e.g. LED)




Type Content MRR ( m/hr) Ra (nm)
Mixed abrasive
SiO2 +diamond polishing pad +KMnO4 [18] 1.300 <0.500
Fe - Al2O3 polishing pad +H2O2 [19] 0.740 0.159
Strong oxidant CeO2 + KMnO4 [20] 1.089 0.110
Corrosion HF [21] 0.492
Catalysis Fe powder + Fe polishing plate +H2O2 [22] ~1.000 0.500
Hybrid energy
(Photocatalysis) TiO2 + SiO2 + H2O2 [23] 0.950 0.51
Hybrid energy 
(Electrochemistry) CeO2 (pH 9.24) + 5~10V [24] 3.620 Rq: 0.230
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1.1.3 Application Markets and Challenges 
 
As the 3rd generation of semiconductor materials, SiC owns promising abilities for 
use in high power electronics due to the inherent advantages over the other materials, 
such as lower loss, higher withstand voltage, faster-switching capability, and superior 
thermal characteristics. Virtually, SiC devices achieve simpler designs that are more 
efficient, smaller, and lighter than silicon-based alternatives. The previous decade year 
ago, SiC was used in the inverter of photovoltaics system and some simple power 
devices; however, to integrate the 5G mobile networks and upsurges of HEV/EV, 
power station, and other military applications, it has predominated over these markets 
of high-class chips and modulus (as Figure 1-1-5). The representative products are the 
recent rise of high-class electric vehicle power modules, such as the Tesla Model 3 
inverter and Delphi 800-Volt SiC inverter (Figure 1-1-6). From the standpoints of 
developers, the development of SiC focuses on optimizing the quality of large-scale 
SiC wafer and designs of power module; for GaN, the main trends on the solutions for 
GaN device integration, such as system-in-package and system-on-chip. And market 
analyzers have forecasted in the coming ten years that, except for EV, the demands for 
charging infrastructures and high-power applications, like pylon and transportation, 
increase to over 3 billion dollars as the technology matures. 
 
The trend power of markets is based on increasing the efficiency of source 
conversion, heat dissipation, and volume minimization for high power devices and RF 
devices/modulus applications. Therefore, according to varied uses, SiC is subdivided 
into n-/p-type SiC and semi-insulating SiC (SI-SiC). For general n-type SiC, doped 
employing extrinsic donors, like nitrogen or phosphorus, during boule growth. And 
they are used as substrates of SiC epitaxy layers in power devices for EV and power 
systems. On the other hand, to overcome the power loss due to the parasitic capacitance 
of the substrate, there are two methods to manufacture the bulk semi-insulating SiC, 
SI-SiC, which are shown in Table 1-1-5. Vanadium-doping SI-SiC [25,26] and highly-
purity SI-SiC (HPSI-SiC) [27,28] are produced by limiting the number of impurities 
during growth and compensation of extrinsic and intrinsic defeats. In electric vehicles, 
their size and the weight of onboard charger designs need to be minimized, making SiC 
devices excellent choices. High-frequency operation enables a smaller transformer and 
power inductor, two of the most significant components in the design. Meanwhile, the 
high efficiency of SiC devices leads to a smaller heat sink and shorter charging time. 
In photovoltaic inverters, even 1% increasing efficiency will lead to significant power 
and cost savings in a 1MW system. 
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Rohm Semiconductor, which is one of the representative companies to produce 
SiC discrete devices, power modules, and RF devices, claimed that their net 
consolidation sales of the year ended 2019 were increased 0.5% compared with the 
same time of the prior year in the parts of automotive electronics and industrial 
equipment markets. In 2019, Cree co., which owns over 60% share mark of SiC wafer 
globally, has announced that it expected to invest one billion dollars in increasing 
yielding by 30 times higher for a scale-up plan within five years. Among its developing 
strategies, it extends the maximum size of the current manufactured SiC substrate wafer 
from 6-inch to 8-inch. But, according to the economic impact of epidemic COVID-19, 












Figure 1-1-5. Long-term evolution of SiC power devices.  











Figure 1-1-6. (Left) Tesla Model-3 main inverter featuring 24 SiC MOSFET modules 
from STMicroelectronics (Source: Munro Assoc.), and (Right) Delphi Technologies 









Table 1-1-4. Applications of two types of bulk SiC  
 
 
conductive (n-type) SiC semi-insulating SiC (SI-SiC)
Doping Nitrogen Vanadium
Epilayer SiC GaN
Device Power device RF device
Application
photovoltaics inverter, electric
vehicle module, power supply of
cellular base station, power
station system.
mobile terminal, power amplifier of cellular base
station, pointer of radar /missile, HDR(high data rate)
of broadcasting/communications satellites and wide-
band data transmission, and epitaxy of graphene.
Cost Low High 
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The qualities of infrastructure (refer to FEoL in Figure 1-1-4), SiC substrate, and 
epilayer have directly profound impacts on the performance of power/RF devices, 
yielding, and cost. For example, in the last couple of years, we have seen a transition 
of SiC production size from 4-inch to 6-inch. For a 1.2 kHz Schottky diode, the epitaxy 
cost may be up to 25% of the entire production cost, whereas epitaxy silicon does not 
exceed 10%. By increasing growth rate while reducing defect density is a developed 
goal for advanced fabrication processes, which are mass, fast, constant, high quality, 
and low defects, e.g., point defects [29,30], dislocations and micropipes [31,32], 
stacking faults [33], and inclusions [34]. The advanced precision control over the 
growth of crystal boule has achieved the main to reduce the number of defects. 
However, the slicing process leaves many machining scratches and subsurface damage 
layers on sliced wafers. Plenty of polishing process (grinding, lapping, and chemo-
mechanical polishing) is utilized to remove defects, smoothing and planarization. The 
substrate/epilayer interface dominates the epilayer quality because the defects on the 
substrate are replicated into the subsequently grown epilayer imposing limitations on 
the final performance of electronic devices. Dudley [35] et al. explored that scratches 
on the subsurface act as dislocation nucleation centers in CVD growth. Figure 1-1-
7 demonstrates TEDs and BPDs nucleated along the off-cut direction, and these large 
hexagonal pits correspond to elementary threading screw dislocations (TSDs). 
 
Such as the scratch-like surface defects appearing after epitaxy growth, they have 
been referred bringing a negative effect on metal-oxide-semiconductor (MOS) devices 
[1.36]. These defects on epilayers originate from the finished surface of a substrate 
polished by the CMP process. During the CMP process, these damaged defects are 
accidentally and locally generated in the substrate wafers' subsurface region. And only 
hydrogen etching, which is a pre-processing before the growth of epilayer to clean 
surface, can not remove them, or even the roughness of these positions is hence 







In Section 1.1, we have briefly introduced the properties, developments, markets, 
and challenges of SiC in the semiconductor manufacturing process. Section 1.2 shows 
how important it is to obtain a defect-free and flat SiC surface during CMP 
(planarization) process. This thesis will improve the SiC substrate CMP process for a 
more rapid and good finished surface based on additive nanoparticle in slurry. 
In Chapter 2, we will talk about the mechanism of CMP and advanced techniques of 
SiC CMP. Secondly, the basic properties of the specific nanomaterial, fullerene C60, as 
our additive abrasive are described, too. Except for SiC CMP, we have also developed 
the related C60-derivative containing solution for other applications, the cleaning 
process for copper CMP, to remove the residual inhibitor. For this application, we 
prepare a section to introduce the wafer cleaning process between the copper 
metallization (interconnection) process. And the framework of this thesis is shown at 
the end of Chapter 2. 
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Carbon nanomaterials (CNMs) have brought more choices for the recent 
development of science and engineering. In material science, since the graphene and 
carbon nanotubes (CNTs) have approached significant progress in manufacture and 
research, they should be new stars in the next generation of semiconductor materials 
for replacing silicon in the future. Meanwhile, as one of the allotropes of carbon, the 
family of fullerene (Cn, n≥20) has been recognized for the considerable achievements 
in biomedical and engineering materials. Owing to fully developed production skills, 
the high yielding and steady quality of fullerene further holds out the prospects of 
commercial-scale production. This study aims for the varied applications with 
fullerene-60 (abbreviated as C60) and its derivatives in the manufacture of 
semiconductors, for example, CMP and copper cleaning process. Via a proper and 
straightforward modification without deteriorating the innate characteristics of C60, we 
hope that C60 derivatives can be utilized and improved our life easier. 
 
Fullerene's abilities have been proposed in chemistry and physics, such as its 
specific spheric shape in nano-scale and the diversity of the chemical reactions. To 
improve the performance of the slurry, two types of water-soluble C60 derivatives, the 
fullerene-cyclodextrin inclusion complex(C60/cyclodextrins, C60/-CDs) and the 
polyhydroxylated fullerene (fullerenol, C60(OH)n, are utilized as the auxiliary abrasives 
for the SiO2-based slurry of SiC substrate CMP. Besides, the alkaline C60(OH)n solution 
is used in the copper cleaning process to remove the residual inhibitor from the copper 
interconnection layer after Cu damascene process (Cu-CMP). The organization of this 
thesis is referred to as Figure 2-1-1. 
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Chapter 1 has briefly introduced the background of this study and the 
characteristics properties of SiC in a semiconductor material. In this Chapter 2, we 
describe the framework of the whole thesis with the mechanism of the CMP, copper 
cleaning process (after Cu-CMP), and the basic properties of C60, which is an auxiliary 
matter applied throughout our researches. Next, Chapter 3 talks about the primary 
characteristic performance of the C60/ -cyclodextrins (C60/ -CDs) inclusion complex 
as additional abrasive in the CMP process of SiC substrate. The dynamic light scattering 
(DLS) method and transmission electron microscopy (TEM) are introduced to describe 
the size and the shape of the C60/cyclodextrins inclusion complex. The performance of 
the C60/CDs inclusion complex as auxiliary abrasive is firstly exhibited in SiC CMP. 
The result of the nanoindentation test proposes the supposed mechanism. In addition, 
the finished property of the SiC surface is defined by the interferometric laser 
profilometer. In Chapter 4, we approach to conceive an idea, whether the reused period 
of the hybrid slurry is more extended than single SiO2 slurry or not. A batch-reused 
slurry (BRS) system is designed to keep the escaped slurry within the polishing plate 
for subsequent use. We also applied another water-soluble derivative, C60(OH)12, with 
SiO2-based slurry to compare with the polishing performance of the former C60/ -CDs 
inclusion complex. Ultraviolet-visible light spectroscopy (UV/Vis) inspects the 
residual concentration of the hybrid abrasive slurry after each patch of the polishing 
process. As to the finished quality of the SiC surface, we used atomic force microscope 
(AFM) and convectional optical microscope to explain the abrasion mechanism of the 
hybrid abrasive. About Chapter 5, the alkaline C60(OH)12 solution is further 
investigated for the cleaning process of the copper damascene process to remove the 
residual Cu-BTA (inhibitor) complex from the surface of the copper interconnection 
layer. The techniques of contact angle test (wettability) and X-ray photoelectron 
spectroscopy (XPS) are also used to inspect the existence of remained Cu-BTA 
before/after cleaning. In the last, Chapter 6 gives a conclusion and future work for this 
thesis. 
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‘‘Polishing’’ originated from an ancient manufacturing technique to manufacture 
the bronze mirrors (preceded the glass mirrors of today), which can be traced back to 
2,900 B.C. of ancient Egypt. The ancients kept polishing one side of an alloy plate with 
abrasive paste against a standard flat plate until a neat, balanced, and smooth surface 
appearing. The abrasive paste consisted of tin pest powder, minium, alum, and mercury; 
the standard flat plate was made of fine clay so that its surface was rich in tiny pores 
and had good wear resistance. In the corresponding semiconductor manufacturing 
techniques, this “abrasive paste” is regarded as the predecessor of polishing slurry, and 
the high precision polishing platen attaching with a porous-polymeric polishing pad 
replaces the “flat clay platen.” 
 
In the early period, CMP was only employed in purchasing a quality optical lens 
for centuries. Although it had proposed to planarize silicon wafers in the late 1950s, 
Monsanto (1962), and Walsh and Herzog (1965), CMP was implemented in preparing 
silicon substrate wafers to reduce the density of surface defects. In order to overcome 
the problems in the multilayer metallization, IBM published the first technique of the 
inter-level dielectrics (ILD) CMP for the shadow trench isolation (STI) process in the 
1980s. Now a day, the application of CMP becomes more extensive and varied. For 
instance, according to the material of polished target, it could serve non-metals, metals, 
ceramics, or even polymers. Furthermore, based on the final purposes, they are 
designated to implement the planarization of substrate wafer, shadow trench isolation, 
tungsten plugs, ILD, and copper interconnections. 
 
Chemical mechanical, or called “chemo-mechanical,” polishing/planarization 
known as CMP, is one of the most representative techniques in semiconductor 
manufacturing. As its name implies, the process involves both aspects of chemistry and 
mechanical physics. It is one of the core techniques in the manufacturing process of 
semiconductor devices. In Figure 1-1-4, we have mentioned the fabrication procedure 
of a semiconductor device consisting of several processes to form a substantial volume 
of the integrated circuit that the impression we got. How the hundreds of thin film 
processes approach the even thickness and locate at the precise positions with less 
distortion after multi-stacking, CMP plays a pivotal role. As the techniques of 
immersion EUV photolithography [1-2] and multiple-patterning [3] process developed, 
semiconductor development has been continued toward the expectation of Moore’s law, 
e.g., the 3 nm node in 2020. The developed CMP has irreplaceable achievements [4] on 
(1) elimination of step coverage burden, (2) defects removal from the prior processes, 
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(3) surface smoothening in wafer-scale, and (4) enablement of metal gate formation. 
The fundamental mechanism of the CMP process can be regarded as a loop of the three 
steps: (1) The material surface is softened by the particular chemical reactions in the 
slurry, (2) mechanical force by abrasive particles in the slurry removes the softened 
layer and make the reduction of the step height, and (3) the exposed surface reacts with 
slurry chemicals to generate a new softened layer again and repeat as the step (1).  
 
It has achieved local and global planarization that enables subsequent lithographic 
patterning with proper depth of focus [5,6]. The common types of CMP process can be 
divided into three groups, oxide, tungsten, and copper, which aim at dielectric layers, 
gates, and metal interconnections, respectively. Besides, the novel CMP for substrate 
wafer is developing, such as GaAs [7], Al2O3 (sapphire) [8], SiC, and GaN [9]. Next, 
we will give a brief introduction to the CMP instrument for the SiC substrates. 
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A primary CMP instrument includes two rotary elements. The top one, called 
“carrier,” mounts the wafers. The bottom one, called the “polishing plate,” is attached 
with a polishing pad that will contact against the wafer surface during the CMP process. 
As Figure 2-2-1 shows, these two rotary elements provide a tangential mechanical 
force along the contact surface of the wafer to remove the materials. Then, the “slurry” 
will supply the aids of the chemical reaction and additional abrasive particles to the 
wafers to enhance the polishing efficiency and surface quality. Besides, a 
conditioner(dresser) coated with sharp diamond grains on a stainless-steel plate is used 
to brush out the entangled asperities and recover the pad’s function. According to the 
finishing wafer requirement, the slurry compositions are adapted since they usually 
contain abrasives, pH regulators (buffering), oxidants, inhibitors, chelating agents, 
surfactants, and suspending agents. 
 
Ling Zhou [10] et al. proposed the CMP mechanism of the 4H-SiC substrate wafer. 
They found the SiO2 abrasive behaved a high polishing efficiency for Si-terminated SiC 
in pH 11 of the slurry since the dangling bonds, which have the lone pair electrons, 
were bound with abundant hydroxyl (-OH) to form SiO2 films on the SiC surface in the 
alkaline slurry. When abundant hydroxyl engaging with dangling bonds, the covalent 
bonds of SiC surface (Si-C) are weakened after the SiO2 layer forms and further be 
removed by SiO2 abrasive as depicted by Figure 2-2-2.  
 
There are significant indicators of CMP performance, for example, removal rate 
throughput), selectivity, planarity, non-uniformity, surface roughness, and post-CMP 
defects. Most of them correlate with the abrasive, which participates in removing the 
matters from the wafer directly. As Xiu-Fang Chen [11] et al. said, there are a diversity 
of removal rates according to the anisotropic planes of the monocrystalline SiC wafer 
shown in Figure 2-2-3. By the CMP method, the removal rates of the various 6H-SiC 
wafers are in descending order which is Si(0001) > a(11 0) m(1 00) > C(000 ) by 
alkaline SiO2 slurry. Besides, they used diamond powders as abrasive of the mechanical 
polishing. Although the removal rate of Si-SiC by diamond powders (mechanical 
polishing) was higher than that of SiO2 abrasive (CMP), 1.04 m/hr and 153 nm/hr, 
respectively, the surface roughness (root-mean-square, Rq) was worse than by CMP, 
0.654 nm and 0.096 nm respectively. In contrast with these Si-rich planes (Si-SiC > m-
SiC a-SiC), carbon-SiC had a low removal rate and the worst roughness by CMP. 
They concluded that it is more challenging to break Si-C bonds to form Si-O bonds 
since three firm Si-C bonds connect to the secondary Si layer. By HRXRD [12], which 
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is used as a complementary method to inspect the subsurface damages, the full-width 
at the half-maximum (FWHM) of the Si-face and C-face SiC are 47.5 and 66.9 arcsec, 
respectively. The results showed the more lattice distortion happened on the post-CMP 
surface of the C-face than the Si-face, which was induced by the severe surface damages 
and resulted in the broadening of the diffraction peak. That indicated a good correlation 
with the surface roughness. Tao Ying [13] et al. indicated as increasing the 
concentration of the potent oxidant (KMnO4), the enhancement of removal rates was 
significant, whereas the degradation of polishing happened since the erosion. On the 
other hand, although it also led the removal rate to increase while raising the abrasive 
concentration, the increasing removal rate was not positively relative to the abrasive 
concentration. They concluded that high concentration abrasives hindered the natural 
chemical reactions of slurry. Additionally, Si-terminated SiC had good polishing 
efficiency in high pH slurry; however, C-terminated SiC had high removal rates in 
lower pH slurry. 
 
Except for the conventional abrasive, such as SiO2, Al2O3, and diamond powder, 
the other catalytic metals or metal-oxides (Fe, CeO2, TiO2) have been investigated to 
improve the polishing efficiency mechanically or chemically. In the next section, we 
will talk about these advanced slurries of SiC CMP. 
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Hiroshi Nitta [14] et al. explained why the weak oxidant H2O2 obtained a higher 
removal rate than strong oxidant H5IO6 because H2O2 self-decomposed to hydrogen 
peroxy radical (*OOH) and hydroxyl radical (*OH). These radicals soon react with the 
dangling bonds of the SiC surface in the alkaline solution. A series of reactions happen 
to the Si-C bond following as Eq. 2.2.5 ~ Eq.2.2.7.  
The SiO2 layers transferred through the dangling bonds with only hydroxyl ( ) 
are rare. It must be assisted by the radicals from the oxidants to obtain a considerable 
increase in the removal rates. The selection of a proper oxidant is vital to the creating 
conditions of the radicals. Even though H2O2 performs as a weak oxidant, it self-
decomposes as radicals in alkaline and increases the removal rate (refer to Figure 2-2-
4). In contrast with H2O2, H5IO6 does not decompose in alkaline even though the ORP 
(oxidation-reduction potential) value is +360 mV, higher than H2O2 (+70 mV). Besides, 
the chelating agent (piperazine) can also perform the interaction, amine effect, with the 
oxidant to further raise the removal rate. Except for H2O2, there are other candidates for 
the oxidants in SiC CMP. Gi-Sub Lee [1.18] et al. has used KOH-based colloidal 
SiO2/diamond slurry with sodium hypochlorite (NaClO). The oxidant NaClO worked 
well in alkaline SiO2/diamond slurry, leading an as high as by H2O2. Besides, both 
polished surfaces showed low surface roughness and no invisible scratches. Guomei 
Chen [1.20] et al. used KMnO4 as the oxidant for the Si-face(terminated) 6H-SiC CMP. 
Based on the result of XPS in Figure 2-2-6, KMnO4 increased the atomic compositions 
of the oxidized species of Si-C (e.g., SixCyOz or SiOxCy). On the other hand, the decrease 
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of silicon-free carbonaceous species (e.g., C–O, and C=O) may be attributed to the 
strong oxidizing ability of KMnO4 in low pH values. 
 
Since we have known from the research above that how important it is while an 
oxidant is engaging in the formation of SiO2 layers during polishing by abrasive 
particles, some investigations turn to research that increases the concentration of 
radicals by heterogeneous catalysis (here is usually in solid-liquid phase). The most 
common catalysis is Fenton’s reaction, which employs iron salts and hydrogen peroxide 
under acidic conditions for generating highly oxidizing hydroxyl radicals. The equation 
can be described as Eq. 2.2.8 ~ Eq. 2.2.10. 
Aikihisa Kubota [19] et al. improved the 4H-SiC CMP efficiency by adding Fe 
powders in the H2O2 based slurry to enhance Fenton’s reaction on the Fe plate, which 
was proposed by K. Yagi by [20] et al. In this way, the removal rate increased. Surface 
roughness decreased since the probability of the direct contact of the wafer against with 
Fe plate had been reduced as well. Yan Zhou [21] et al. added Pt(40%)/C nanoparticles, 
which consist of plate-shaped carbon particles (d: 80nm) supporting 5nm Pt 
nanoparticles, in an H2O2-based slurry. The low removal rate of Pt/C particles was 
inferred that the reaction of Pt/C was in the majority of decomposition of H2O and O2 
since there was abundant gas escaping from the slurry while mixing Pt/C nanoparticles 
in H2O2 slurry; whereas, as to Fe abrasive particles, it did not induce any bubble shown 
in Figure 2-2-7. Too violent catalysis causes H2O2 concentration to be consumed fast 
and results in a low performance during a long polishing. Besides, catalysis is not 
restricted to the solid-liquid phase; there is a case by solid-solid phase. Catalyst-referred 
etching (CARE)[22] is a novel abrasive-free planarization method for SiC, which is 
equipped with a polishing pad made of Pt as a lapping setup (see as Figure 2-2-8). 
Moreover, T. Okamoto [1.21] et al. claimed that when parts of the SiC surface make 
contact with the Pt plate, it is considered that electric holes are injected from the Pt to 
the valence band of SiC at the contact points (electroless chemical etching [23], Eq. 
2.2.11). Parts of the SiC surface contact the slurry, and the SiC surface is oxidized and 
etched by chemical reactions shown in Eq. 2.2.12 and Eq.2.2.13. Furthermore, 
photocatalysis has been developed in the SiC CMP. Y. Zewei [1.23] et al. polished SiC 
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wafer by using TiO2 nanoparticles slurry under the UV light. As depicted in Figure 2-
2-9, the TiO2 nanoparticles were added to the slurry to catalyze H2O2 to generate more 
hydroxyl radicals on the surface of TiO2 under UV light irradiation. These reactive 
nanoparticles with a high oxidation potential (2.8 eV) can oxidize the SiC surface into 
SiO2. The MRR showed that the acidic TiO2+UV+H2O2 slurry exhibited high MRR and 
less surface roughness. 
Hui Deng [1.24] et al. developed an electro-chemical mechanical polishing system 
with CeO2 slurry, which combined anodic oxidation and the abovementioned removal 
of CeO2 abrasive. Besides, the descending surface hardness of the anodically oxidized 
SiC revealed the formation of a soft SiO2 layer, too. In addition, K. Yamamura [25] et 
al. had proposed another hybrid energy-assisted polishing, plasma-assisted polishing 
(PAP), which induced a soft modified layer by irradiating reactive plasma and 
subsequently removing this soft layer soft CeO2 abrasive. The significantly decreasing 
hardness of the modified SiC surface indicated SiC was oxidized into the soft SiO2 layer 
by plasma. The interferometric images also showed that the surface roughness reduced 
from 0.26 nm to 0.28 nm (Sq). 
 
In the aspect of research of hybrid abrasive, not only G.S. Lee [1.18] but also H.S. 
Lee [26] et al. has proposed this Mixed-abrasive slurry system for SiC polishing. An 
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alkaline KOH-based slurry involving 120 nm colloidal SiO2 and 50 nm diamond 
nanoparticles was applied to SiC CMP. From Figure 2-2-12, the hard diamond 
nanoparticles mechanically remove the chemically reacted SiO2 layer and induce stress 
on the relatively low-stress area. Then this stress-induced layer behaves more reactive 
with slurry chemicals and is easily smoothened by SiO2 abrasive. Figure 2-2-
13 indicated that the increase of MRR by MAS was proportional to the diamond 
nanoparticles' additive concentration. The mechanically induced scratches were 
removed, and eventually, the roughness was reduced compared with SiO2 slurry. 
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The C60 form of ‘‘Buckminsterfullerene,’’ or called ‘‘fullerene’’, was discovered 
by Koroto [27] et al. in 1985. It was named after an American architect, Richard 
Buckminster Fuller (aged 87), who was famous for designing a giant geodesic dome 
that appears to the molecular structure of C60. Referring to Figure 2-3-1, fullerene is 
composed of an even number of carbon atoms which appears a three-dimensional cage-
like fused-ring polycyclic system that consists of pentagonal rings and hexagonal rings. 
The single bonds enclose the pentagonal ring, and double bonds comprise the bridging 
bonds between the pentagonal and hexagonal ring. These bonds are formed by the 
delocalized molecular orbitals of carbon atoms to extend throughout the molecule with 
a mixture hybridized system of sp2 and sp3. Chemical properties have to do with this 
specific configuration of electrons that behaves as an ‘‘electron-deficient 
alkenes,’’[28] not ‘‘super-aromatic;’’ whereas fullerene tends to avoid constructing 
double bonds in pentagonal rings, and resulting in poor electron delocalization 
eventually. The chemical reactions [29] (refer to Figure 2-3-2) include nucleophilic 
addition, pericyclic reaction, radical addition, oxidation, electrophilic addition, 
halogenation, and endohedral doping electrophilic additions occupy most of that since 
fullerene reacts readily with electron-rich species.  
 
Due to the perfect symmetry of structure and nonpolar covalent bond, C60 rarely 
forms hydrogen bonds with water even if it has delocalized electrons in the structure. 
The solubility in water is less (1.3g/L); however, it is slight in organic solvents, such as 
benzene (1.5g/L), toluene (3.0g/L), high in 1,2-dichlorobenzene (24g/l), and 1-
chloronaphthalene (51g/l) shown in Table 2-3-1. Fullerene family, especially for C60, 
has a great diversity of medicinal applications [34], e.g., as a radical scavenger and 
antioxidant, to fit inside the hydrophobic cavity of HIV proteases, to cleave DNA, as a 
carrier for gene, drug delivery, production of singlet oxygen in high quantum yields 
while exposed to light, and so on. According to insolubility in aqueous media and easy 
aggregation [35], fullerene is laborious processibility for most applications. Therefore, 
the widest methodologies of overcoming the natural repulsion of C60 can be classified 
by 3: 
1. Encapsulation: C60 is accommodated by carriers such as cyclodextrins [36], 
calixarenes [37], micelles, and liposomes [38]. 
2. Suspension with co-solvents (solvent displacement): A mixture of saturated 
C60/benzene and THF was added dropwise into acetone, and then water is also 
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added to the above mixture slowly. A yellowish C60 suspension was formed 
after evaporated out solvents except for the final known volume of water. [39] 
3. Chemical functionalization: To graft hydrophilic groups, e.g., amino acid, 
carboxylic acid, polyhydroxy, and amphiphilic, on the exterior of fullerene. [40-
43] 
 
This thesis investigated the three kinds of C60 derivatives dispersed into the aqueous 
media for our treatments. The three are C60/-cyclodextrins inclusion complex 
(synthesized by class 1.), C60(OH)12/KOH(aq)(by class 3.), and C60(OH)12/DMSO(aq) (by 
class 2. & 3.), and be showed in the following chapters. A fullerenol molecule's 
solubility depends on the number of grafted hydroxyl groups, for a general formula 
C60(OH)n, where is 2 n 42. By semiempirical calculation in terms of 
thermodynamics [44-46], when n is 6 or 12, fullerenol is most stable since the hydroxyl 
groups symmetrically arrange on the sphere of C60.  
 
The larger degree of hydroxylation fullerenol has, larger solubility in water it 
behaves; however, highly-degreed electrophilic addition accompanies a charge of 
hybridization of the carbon atoms from sp2 to sp3 that reduces angular strain and results 
in destabilization of the cage structure (when n >24 [47]). The number of addends 
decreases the exothermic heat of the reaction; therefore, the adducts with a high-degree 
addition become unstable and hard for synthesis. Depending on the number of hydroxyl 
groups, pH value, and concentration, its aggregates' size ranges from 10 nm to 250 nm 
since the protonation state of C60(OH)n, as the form in Figure 2-3-3(b). In such a stable 
form, fullerenols with about 20 hydroxyl groups form negatively charged aggregates 
(nanoclusters) in a wide pH range in water media [48] and also in the presence of co-
solvents, such as DMSO [49]. In the DMSO/water mixture, the solubility of fullerenol 
increased from 11 g/L to more than 37 g/L in pH 6.5 aqueous solution by the v/v ratio 
of 9:1[50]. 
 






Termination of carbon atoms
Region of electrons (Van der Waal’s dia.)
Interior cavity
Fullerene is a big family (Cn, n 20, even more than 200)
Rarely water-soluble but dissolvable in toluene and other organic solvent.  
Diversity of chemical reactions
Normally behaves as an electric insulator but an semiconductor even 
superconductor material for an endohedral metallofullerene (Metal@C60)





The Nobel Prize in Chemistry 1996 was awarded jointly 
to Robert F. Curl Jr., Sir Harold W. Kroto and Richard E. 
Smalley "for their discovery of fullerenes."
Chapter 2. Overview 
































Chapter 2. Overview 
Figure 2-3-3. Structures of (a) the fullerenol molecule C60(OH)24, and (b) 
the fullerenol polyanion nanoparticles C60(OH)24-n  The table demonstrates 
the synthesis methods of hydroxylated fullerenols. [50] 
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Y. Takaya [51,52] et al. proposed a novel functional molecular abrasive for 
planarization of the copper damascene process. Various polyhydroxylated fullerenols 
(C60(OH)12, C60(OH)16, C60(OH)26, C60(OH)32, C60(OH)36, C60(OH)40, and C60(OH)44) 
slurries were prepared with copper slurry which contains chelating agents, inhibitors, 
and oxidants. Two kinds of colloidal SiO2 abrasives were compared with these 0.1wt% 
fullerenols. Silica-A and -B are 4 nm (ADELITE AT-30) and 129.8 nm (Sfelica slurry 
120), respectively, in size. By dynamic light scattering (DLS) analysis, they classified 
into two groups, one is for group A which dispersed as the size below 10 nm, and the 
other group B ranges from 40 nm~200 nm. Compared with their size and finished 
roughness of copper blanket wafers, Figure 2-4-1 shows the finished roughness 
correlation between the hydroxyl number and dispersing size. The graphs revealed two 
aspects for the performances between fullerenols and colloidal SiO2 nanoparticles. In 
terms of fullerenols, they seemed to suspend as small size when grafted (-OH)n number 
was higher than 32, and such small (< 2nm) size resulted in low surface roughness to 
the copper surface; on the contrary, the roughness exhibited high while polishing with 
low-degree polyhydroxylated fullerenol slurry since the sizes were larger than the 
priors. In terms of chemical reaction, we can see the different abrasive affinities 
between fullerenol and SiO2 since the size of silica-A is as tiny as fullerenols (< 1nm) 
in group A. In contrast, the roughness is much higher, even larger than by silica-B (<120 
nm). Figure 2-4-2 also demonstrated that the high-degree polyhydroxylated fullerenols 
(group A) have high ORP values than water which means they can oxidize with the 
copper surface. The AFM images showed that the surface, after immersing to C60(OH)40 
and C60(OH)36 slurry, respectively, appeared many corrosion marks, but these corrosion 
marks were soon removed in the CMP process. For the planarization of copper-
patterned wafer, fullerenol slurry benefits to reduce the step height of copper 
patterns. Figure 2-4-3 showed the difference in step height by conventional SiO2 slurry 
and functional fullerenol slurry. Figure 2-4-4 also showed that SEM and XPS observed 
a brittle, complex layer of Cu-fullerenol layer. A brittle, complex layer formed (an 
increase of binding energy at 286.4 eV); it was completely removed by friction force 
from the pad asperities.  
        
Besides, the other related researches of fullerenol slurry were investigated in 
Sapphire CMP. T. Kaito [53,54] et al. focused on the use of low-degree 
polyhydroxylated fullerenol, C60(OH)12, as auxiliary abrasive with colloidal SiO2 slurry. 
Difference from Takaya et al., Kaito proposed KOH-based C60(OH)12 hybrid 15 nm-
SiO2 slurry for sapphire CMP. The rate of step height reduction increased as the 
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concentration of C60(OH)12 increased; by contrast, the surface roughness decreased 
shown in Figure 2-4-5. Likewise, the surface of sapphire immersed with slurry was 
observed by FE-SEM. In Figure 2-4-6, more hybrid SiO2 particles adsorbed to the 
sapphire surface, resulting in an increase of removal rate during the CMP. Based on 
these previous results of fullerenol researches in the CMP process, we looked forward 
to fullerene as abrasive particles for superhard materials CMP, such as SiC substrate. 
The previous researches adopt the water-soluble C60 derivatives, synthesized by 
chemical functionalization, conjugating with hydroxyl groups, to overcome the 
insolubility of fullerene in an aqueous solution. However, electrophilic addition also 
altered the inherent properties of C60; for example, they exhibit more oxidative 
behavior [51]. Here is a mechanical property of fullerene that attracts us to investigate 
this research. Ultrahard fullerite, the phase of three-dimensional polymerized C60, was 
proposed [55-60]. The superhard crystalline phase (SH-phase) of C60, shown in Figure 
2-4-7, was theoretically investigated and measured. 
 
Additionally, the MAS system [26] demonstrated that superhard nanoparticles 
(diamond) could cause a mechanically stress-induced layer during SiC CMP. In this 
case, we considered that such the H- or HS-phase C60 might work with SiC surface. 
Through the encapsulation (accommodating the C60 in hydrophilic materials), the 
inherent physical properties of C60 are expected to remain and applied in SiC CMP with 
SiO2-based slurry. Our previous research attempted to introduce such kinds of water-
soluble C60 derivatives as additive abrasive with colloidal SiO2 slurry and novel type of 
CMP. Shang-Fong Chiu [61] claimed that -cyclodextrin/C60 abrasive participated in 
electrokinetic force assisted CMP (EKF-CMP) for the planarization of copper-
patterned wafer. The experimental results showed that the removal rate was increased 
by 30% compared with conventional CMP, and besides, reduced dishing and erosion 
were found. On the other hand, Chen-Ting Hua [62] used C60/HP-β-CDs inclusion 
complex as additive abrasive in gas-liquid assisted CMP (GLA CMP). As a result, the 
removal rate of SiC substrate is slightly increased by 9.72%, whereas the surface 
roughness of polished 4H-SiC (C-face) is significantly decreased by 54.76%.  
 
This thesis aims to explore more basic abrasion mechanisms and the performance 
of water-soluble C60 derivatives. Therefore, this thesis discussed the performance of C60 
derivative hybrid SiO2-based slurry in the way of mechanical polishing. Moreover, we 
showed a scavenging solution made of KOH-based fullerenol solution to remove the 
residual inhibitor benzotriazole (BTA) on the post-CMP surface of the copper patterned 
wafer. The next Chapter 3 will go to show this water-soluble C60 derivative used in the 
SiC CMP process. 
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This chapter investigates the performance of fullerene (C60/β-cyclodextrins, C60/β-
CDs) as nanoparticles during the CMP process of SiC substrate. In order to disperse 
nicely in water-based slurry, a kind of the inclusion complex (C60/β-CDs) is used as an 
external abrasive in colloidal SiO2 slurry. C60 inclusion complex is synthesized to 
compared the dispersity in varied aqueous solutions by the dynamic light scattering 
(DLS) method. This dispersion is further mixed with colloidal silica (SiO2) slurry for 
the SiC-CMP process. The polishing efficiency of C60/β-CDs is judged by the material 
removal rate (MRR) and surface roughness of the SiC wafer surface measured by 
confocal laser interferometry. Besides, the nanoindentation technique (known as depth-
sensing indentation, DSI) is introduced to investigate the abrasive mechanism of C60/β-
CDs to the SiC surface. In the following sections, we start to elaborate on the 
C60/cyclodextrins inclusion complex, host-guest interaction of cyclodextrin, and other 
water-soluble C60/β-CDs. The section on Experimental method & equipment, the 
preparation and characteristics of C60/β-CDs dispersion, the conditions of SiC-CMP, 
and some surface inspection methods are depicted. Moreover, the final result and 
conclusion are shown and summarized in the sections of Results and Summary. 
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Due to the rare solubility of C60 in the water system, its periphery is usually 
modified by various functional groups to increase the number of hydrogen bonds to be 
dragged into the network of water molecules. For example, hydroxylation [1-5] is the 
most common technique to enrich fullerene's hydrophilic ability. C60(OH)n exhibits 
excellent solubility in water; however, the solubility of fullerenol is governed by the 
number of grafted hydroxyls and orientation [6,7]. The more grafted hydroxyls it has, 
the more solubility it will exhibits. Besides, the asymmetrical orientation of grafted 
hydroxyls leads to a lower solubility than symmetrical orientation with the same 
numbers of grafted hydroxyls. Depending on the function groups, modified molecules 
might display completely different natures from the intrinsic property of fullerene. 
Hence, to deal with the rare solubility, two kinds of water-soluble C60-derivatives are 
used in this study. The encapsulated inclusion complex (C60/CDs) remains the most of 
natures of C60. High-solubility C60(OH)n is synthesized by an oxidation reaction with 
H2O2, a strong alkaline/acidic solution [8,9], and a phase transfer catalyst (PTC) [10]. 
However, C60(OH)n product contains unfavorable contamination by such [11] or [12], 
which are inevitably introduced during the synthetic process. Hence, the purification is 
rather difficult and lengthy to remove these ions and catalyst agents by repeated gel 
column chromatography. In the next section, we will discuss the host-guest interaction 
of cyclodextrin for fullerene, which is a mechanically facile synthesis of soluble C60-
derivatives. We compare this inclusion complex (C60/CDs) with fullerenol, C60(OH)n, 
in terms of synthetic process, appearance and properties of the product, and 
merit/demerit as an additional nanoparticle(abrasive) for the CMP process in our 
opinion. 
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Cyclodextrins (CDs) are artificial substances synthesized by the enzymatic 
degradation of polysaccharides, starch. They belong to the family of cage molecules 
that their central structure is usually composed of a dimensionally stable hydrophobic 
cavity, so that traps or encapsulates with other small molecules. Since 1981 discovered 
by Antoine Villiers [13] and Franz Schardinger [14] from the experiments on the 
degradation and reduction of carbohydrates under the action of ferments [15], 
cyclodextrins are acquainted and applied in many practical sectors of industry for 130 
years. 
 
      The “host-guest” interaction leads to remarkable encapsulation properties that 
improve the guest molecule’s physical, chemical, and biological characteristics. It is 
easy to see that it involves chemistry, catalysis, chromatography, pharmacy, 
biotechnology, food, cosmetics, textiles, and food additives. Now, three “native” 
cyclodextrins, which are mature on an industrial scale of production, are named after 
the Greek alphabet, “α-,” “β-,” and “γ-” in front of the names. Figure 3-2-1 indicates 
the structural scheme of three cyclodextrins. Cyclodextrin (CD) is a cyclic oligomer 
of α-D-glucose, for example, 6 for α-CD, 7 for β-CD, and 8 for γ-CD. The appearance 
looks like a hollow cone. Its narrow terminal is defined as the primary plane, and the 
opposite, more expansive terminal is the second plane. Due to the hydroxyl groups 
distributing at the rims, both planes exhibit the hydrophilic property; whereas, the 
central cavity exhibits the non-polarity so that it allows to accommodate some 
hydrophobic guest molecules. The wide uses in pharmacy mainly aim to increase 
solubility and shelf time of guest medicine; besides, cyclodextrin can extract certain 
undesirable compounds, improve the organoleptic properties [16] by masking 
odors/tastes, retain/control the release of encapsulated molecules [17,18], and as well 
as stabilize against the series of external stimuli, e.g., light, changes in temperature/pH, 
degradation, hydrolysis, and oxidation. Recently, the reports proposed the applications 
of cyclodextrins-modified nanoparticles that combine to enhance the entity’s 
characteristics, for example, electronic, conductance, thermal property, fluorescence, 
and catalysis to act as nanosensors drugs delivery vehicles and recycling extraction 
agents [19]. Other physical and chemical properties are further used to fabricate 
molecular switches and machines, molecule-based logic gates, molecule-based logic 
gates, transmembrane channels, and chemosensors [20-22]. 
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As known that spherical carboranes can form stable complexes with CDs [23], in 
terms of C60 with the same spherical structure, Thomas Andersson [24] et al. firstly 
proposed a water-soluble inclusion complex of the C60/ -CDs synthesized by refluxing 
C60 powders in boiling 0.02 mol/dm3 -CD solution for 16-48 hrs. Then, more 
reactions and applications could perhaps be achieved with the water-soluble C60 
complexes. Their result showed that the highest concentration of C60 transferring to 
water was up to 8 mol/dm3. Figure 3-2-2 modeled the C60 docking in the cavity of (a) 
singular -CD structure and (b, c) two -CDs structure, which exhibits the highest 
possible symmetry. Priyadarsini [25] et al. refined Andersson’s refluxing method by a 
methanolic solution of r-CD (5.48 mol/dm3) as a synthetic solvent. In this way, the 
estimated concentration of soluble complexes was synthesized as high as 1 mol/dm3 
with 5 mol of C60 powders in 25 ml methanolic -CD solvent for 1 hour at ambient 
temperature. As matching with UV-visible light absorption spectrum in Figure 3-2-
3(a) reported by Andersson et al., (b) shows the similar three characteristic bands of 
C60, including a shoulder and small broadband. Figure 3-2-3(c) exhibits the 
stoichiometric ratio of -CD and C60 by the Benesi-Hildebratand equation. The 
considerable equilibrium constant practically indicates that the C60/ -CDs is an 
irreversible complex in water without other external stimuli. Subsequently, varied 
synthetic methods of C60/CDs were developed, e.g., the solvent-exchange method [26, 
27], which can receive the precipitate C60/ -CDs by vaporizing the C60 organic solvent 
in the water, liquid-phase refluxing, which synthesizes with C60(ag), and CD(ag), and ball-
milling method [28,29] which solid powers of C60 and CD(s) are prepared based on a 
solid-solid mechanochemical reaction; in addition, they can be synthesized by high-
speed vibration milling (HSVM) method [30,31], and as well as the combination of 
mild grinding and ultrasonic irradiation. 
 
The abovementioned researches were no more than increasing the yielding of the 
inclusion complex. Therefore, the -CD was concerned as the possible host-molecule 
to accommodate C60 due to the cavity size (9.5 ) closely matching the van der Waals 
diameter of C60 (10 ). On the contrary, because of the smaller cavity diameter of -
CD and -CD, 5.7  and 7.8  respectively, the early conjectures negated the formation 
of a complex with C60 until Murthy [32] et al., who proposed a synthesis of C60/ -CD 
inclusion complex by a mixed organic solvents system (DMF with 10-50 vol% of 
Toluene). Based on crystallographic studies, -CD cavity is suitable for spherically 
shaped guests even the space enclosed by the head-to-head dimer is 2.5 times wider 
than a singular cavity. They demonstrated the result of thermogravimetric analysis of 
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complex (72.5%, at 325), which is close to the theoretical mass content of 75.9%, while 
-CD: C60 is 2:1. Although the UV-visible spectrum (refer to Figure 3-2-4) showed the 
absorption at 342 nm and the peak broadening beyond 350 nm, which is less than the 
previous C60-CD complex, the further corroboration of forming C60-CD complex was 
obtained by 1H and 13C NMR spectroscopy. Yi Zhang [33] et al. summarized 
characteristic properties of C60 inclusion complexes, which are encapsulated by -, -, 
and -CD. A specific preparation is referred to by a synthesized C60/CDs [34,35] that 
both the reducing C60 anions and CDs react in distilled DMF under argon at ambient 
temperature. Then /CDs is oxidized to neutral form, removed residual solvent 
and desorbing agents in vacuo. In terms of the result of absorption spectrum (Figure 3-
2-5), there are comparable adsorption bands of C60 inclusion complex of -, -, and 
-CD dispersing in aqueous solution, which is compared to C60 in hexane. In TEM 
images of Figure 3-2-6, three C60 inclusion complexes exhibited the aggregates form 
due to the hydrophobic property of core, guest C60. Although CD has the largest cavity 
among the three, C60 is partially encapsulated by CD. The dynamical light scattering 
(DLS) method showed that the much hydrophobic area of C60 exposed from the cavity 
of encapsulated - and -CD to water, which resulted in more aggregation than 
encapsulated by -CD. Except for the size of complex aggregate, CDs do not affect 
the intrinsic properties of C60, just increasing the dispersity in aqueous solutions. Due 
to the lower cost and widespread application, we selected -CD as the host molecule to 
encapsulate the guest C60 by physical milling process (shown as Figure 3-2-7) for a 
rapid synthesis with industrial-scale. About the related studies of synthesis of C60/-CDs 
by milling, we will describe in the experimental section of C60/-CDs preparation. 
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of a C60/ -CDs inclusion complex
Results of optical absorption spectrum 
Synthesis of 1:2 (C60: -CDs) inclusion complex
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Figure 3-2-7. Two brief classification of synthetic methods of C60/CDs inclusion 
complex, one is refluxing dominated by chemical reactions, and the other one is milling 
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Braun [28] et al. propose that C60/ -CDs was mechanochemically synthesized by 
ball-milling in a 50 ml agate milling cylinder (70 mm in dia., 55 mm in height) 
enclosing agate balls (15mm in dia.) for about 20 hours at room temperature. Similarly, 
Furuishi [29] et al. investigated ball-milling on a synthesis of C60/ -CDs complex, in 
which the -CD belongs to a family of large-ring cyclodextrins (LR-CDs) that exists 
9( ), 10( ), 11( ), 12( ), and 13( ) D-glucose [36]. Even though they synthesized with 
the LR-CD ( -CD), it took 24 hours for ball-milling and three days for incubation. To 
force C60 to be accommodated in the cavity of CD, factors dominated the processing 
time, such as the strength, the efficient contact area, concentration, and temperature. 
According to their studies, the small volume of milling cylinder caused less strength 
and efficient contact area works between C60 and CD powders since the falling height 
of balls is short. Additionally, to synthesize a small number of C60/CDs, it is hard to 
mix them uniformly, resulting in less efficiency of contact and long time. Perhaps, the 
merit for ball-milling is for mass synthesis; whereas, milling in agate mortar (bowl-
milling) is a more flexible, faster way for the laboratory-scale synthesis of C60/CDs. 
Bowl-milling by hand provides a quick way to inspect the color and condition of the 
product for adjusting parameters, e.g., the contact orientations between the pestle/bowl 
and collecting the stuck powders of the wall to be ground by pestle as far as possible. 
Besides, the mentioned researches [32-35] showed dependable results on the synthesis 
of C60/ -CD; hence we selected bowl-milling to handle the synthesis, and -CD is for 
low cost and high availability. 
 
In this study, C60 powder was purchased from ACROS co., and the purity was 
greater than 99.9%, and so was β-CD powder. The stoichiometric ratio of β-CD to C60 
is referred to by 2. First of all, the mixture powder of C60 and β-CD is milled in the 
agate mortar until the grey and coarse granules turn to dark brown and fine powders, as 
shown in Figure 3-3-1. As it turns sticky and fine, the wet-milling continues for a while 
by adding a modicum of water. This muddy paste of mixture keeps being milled for 
around 30 minutes before the next step, dispersing in a large volume of the aqueous 
solution. Before subatmospheric filtration, C60 and β-CD mixture solution is treated by 
1 hour of ultrasonication and stirring at room temperature under dark conditions 
(homogenization at least 8 hours). Before being aqueous dispersion (as a stock solution), 
the mixture solution undergoes subatmospheric filtration to remove large pieces of 
undissolved C60 and dust. The 0.05wt% of C60/CDs aqueous dispersion is prepared as a 
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stock solution in this study. And then, the concentration of C60/CDs dispersion is diluted 
into 0.01wt% with colloidal silica slurry using SiC CMP. This study also prepared two 
cyclodextrins, 2-Hydroxypropyl-β-cyclodextrin (HP- -CD) and -CD, to compare 
with the synthesis using -CD. 
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3.3.2 Analysis of DLS Method & TEM 
 
The techniques of particle sizing can be briefly catalogized by the type of signal 
source. In general, scanning electron microscope (SEM) and transmission electron 
microscope (TEM) are commonly used to depict the profile of nanoparticles or 
nanomaterials by detecting the various electron signals from the target self to infer the 
dimensional information. If conditions are available, the results are comparable and 
close to the actual appearance. However, this technique belongs to the destructive 
observation that samples undergo irrecoverable phenomena, e.g., dehydration in a 
vacuum and damage from the electrons bombardment. Except for the complicated 
preparation of samples, it also limits the information of interactions while nanoparticles 
are dispersing with solvents. Another technique is thus established, a non-invasive 
inspection, dynamic light scattering (DLS) method. 
 
Dynamic light scattering (DLS) 
 
DLS is a technique [37] to determine the hydrodynamic diameter of polymers, 
drugs, and particles by measuring the dispersion’s Brownian motion. Brownian motion 
is described as the random, successive movement discovered by Robert Brown in 1827 
while looking at pollen grains suspended in water under the microscope. The particles 
collide with solvent molecules. The combined effect of collisions on a particle finally 
causes a randomly jiggling even if each solvent molecule is too small to be seen. 
As Figure 3-3-2, the suspended particles scatter the lights from an incident laser, and 
the fluctuations are counted by the detectors to profile. The speed of intensity 
fluctuations depends on the particles’ diffusion rate. The smaller particle is, the more 
quickly it diffuses, which translates to more rapid fluctuations in scattered light and 
vice versa. And then, in Figure 3-3-3, the rest of the analysis will be accomplished by 
the correlator via the autocorrelation function (refer to Eq.3.3.1) to fit out a 
hydrodynamic diameter according to the known index of solution like density, viscosity, 
and refractivity. The hydrodynamic diameter (dH) is defined by the Stocks-Einstein 
equation shown in Eq. 3.3.2, where k is Boltzmann’s constant, T is absolute 
temperature,  is viscosity, and D is for translational diffusion coefficient extracted 
from the autocorrelation function. This solid sphere with dH of feature diffuses at the 
same speed as a fundamental particle or molecule being measured. By DLS, the size 
distribution of all the particles in a liquid sample can be quickly established and 
depicted in the primary graph as an intensity distribution. Besides, intensity distribution 
can also convert into a volume or number size distribution if needed. Although DLS is 
a rapid, non-invasive technique that is highly versatile and used in thousands of 
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applications, the dH depends on the ionic strength of solvent and the surface structure 
(including adsorption layers) or shape (slender or flat) particles. Therefore, we still need 
another technique to confirm the practice size of particles and determine the suspending 




 =            Eq. 3.3.1 
Stocks-Einstein equation: 
   =                       Eq. 3.3.2 
 
Scanning electron microscope (SEM) & Transmission electron microscope (TEM) 
 
Scanning electron microscopes (SEM) techniques are well developed and have 
versatile applications since Max Knoll was discovered in 1935 by using the electron 
beam to obtain an image. The prototype of SEM was invented after the invention of the 
transmission electron microscope (TEM) by Ernst Ruska (1931), and until 1965, here 
came the first commercialization of SEM by Cambridge Scientific Instrument (UK) and 
JEOL (Japan), individually. This series of microscopes use electrons instead of photons 
to scan the target surface to collect any responding signal of a sample, such as secondary 
electrons, backscattered (or reflected) electrons, and feature X-ray photons (for element 
analysis). Since the secondary electrons (SE), produced from the emission of valence 
electrons of the constituent atoms at the top surface, possess small energy and are 
sensitive to surface profile. According to the incident orientation from the beam to the 
scattered surface, the SE image distinguishes the different planes. It depicts a solid-like 
image with brightness by the number of emission electrons. An SEM instrument 
consists of an electron optical system, including an electron gun, condenser lens, 
scanning coils, and objective lens to produce electron probes; SE detectors are placed 
to receive the electron signals. As shown in Figure 3-3-4, the sample of SEM is 
mounted on the specimen stage under the objective lens and surrounded by the detectors. 
The TEM instrument is installed between the condenser and objective lens, and the 
diffraction electrons are projected on the fluorescence screen. 
 
Because the technique of TEM establishes the concept of de Broglie hypothesis 
(matter-wave) proposed in 1924 (French physicist Louis de Broglie), the electron 
behaves the wave-particle duality, referring to Eq.3.3.3. Since the mass of an electron 
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is much larger than a photon, the wavelength ( ) of the electron beam is much shorter; 
thus, the diffraction of an electron beam is much smaller than the light. When an 
electron is accelerated by an electrostatic potential drop (eU), its wavelength can be 
described as Eq. 3.3.5. As showing in Table 3-3-1, if a 100k (eV) potential drop is 
applied, there is the 0.037  of  induced, and that is why TEM owns high resolution 
than the traditional optical microscopes. Differing from SEM detection scattered 
secondary electrons for images, TEM utilizes a high-energy electron beam to overcome 
the potential energy barrier of the sample and penetrate a hundred angstroms ( ) of 
thickness. During penetration of the sample, electrons collide with the inner atoms of 
the sample, diffract, and final project on the fluorescence screen by forming the images 
or diffraction patterns. The diffraction degree is associated with the density, atom 
arrangement, thickness of the sample. Therefore, the inner structure of the sample is 
obtained by analysis of the elastic scattering electrons. On the other hand, we can 
acquire the inner information of the lattice structure and composition through the 
inelastic scattering electrons. Attributed to the above phenomenon, TEM can realize 
the observation by the resolution below an angstrom. 
 (wavelength) =                              Eq.3.3.3 
=                      Eq.3.3.4 
  =              Eq.3.3.5 
where,  is Planck constant, p is the momentum, m is the mass of the particle,  is 
the frequency of the light,  is the static mass of the particle, eU is the 
electrostatically potential drop, and c is the velocity of the light.) 
 
Although the DLS result shows the indirect information of distributing size, it is a 
convenient technique for fast inspection in the primary stage of particle sizing. As stated 
above, DLS is of in-situ analysis for particle sizing (high resolution up to 1 ); however, 
this hydrodynamic diameter represents the relevant results from scattering information 
of large numbers of particles. Setting the appropriate indexes for samples, especially 
for complex particle dispersion, is difficult because most indexes are specific and not 
constant. Besides, for instance, the mixing ratio of different size particles, the difference 
of particle dimension, and interaction between particles will affect the scattering results 
to lead to smaller or larger sizing than their actual sizes. Therefore, we also referred to 
the results of SEM and TEM to develop the actual profile of the unique inclusion 
complex. Either SEM or TEM sample has to be dried on a loading substrate (copper 
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grid for TEM). In this study, these three methods are cited to describe the size 
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where, I is the intensity of fluctuation, t is the time, and is for delay time.



































Table 3-3-1. The wavelength according to the accelerated potential of electron beam 
Energy, eU (eV) Wavelength,  ( ) 
80 k 0.0418 
100 k 0.037 
200 k 0.0251 
500 k 0.0412 
1 M 0.0087 
2 M 0.005 
10 M 0.0012 
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This experiment was executed on the airtight precision polishing machine (M15-
PVS) at the Precision Manufacturing Lab of National Taiwan Technology of Science 
and Technology (NTUST), showing in Figure 3-3-5. The polishing parameters are 
shown in Table 3-3-2. The 28 Psi of down pressure is set to the area of SiC substrate, 
and the rotary rate of platen and carrier rate is 90 rpm and 80 rpm counterclockwise, 
respectively. The hydrophilic, non-woven fabric type of polishing pads (SUBATM800, 
NITTA DuPont Inc.), which have 20 mm-length grids with 1mm-width grooves, are 
attached to the polishing platen. Both a break-in time before the first polishing and 
conditioning process between each polishing experiment complete with a diamonds-
array dresser. The slurry composition includes 1wt% 17nm colloidal SiO2, 2.5wt% 
hydrogen peroxide (H2O2) as an oxidant, and 0.01wt% C60/β-CDs dispersion. The slurry 
of 10ml/min feeding rate is supplied to the surface of the polishing pad by a peristaltic 
pump. 
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Nanoindentation, also known as depth-sensing indentation (DSI), has been 
developed to measure hardness, reduced modulus, roughness, stiffness, friction of 
coefficient, adhesion force, scratching, and wearing test under nanoscale since the 
1970s. Compared with the traditional indentation test, DSI indents with minimal load 
by a high precision diamond tip, usually with a three-sided pyramid geometry. The 
penetrating depth is minimal as well, so that this measurement is suitable for the 
outermost surface of bulk materials and thin-film configuration. The loading and depth-
sensing are controlled by electromagnetic coils, displacement sensors, and oscillators, 
shown in Figure 3-3-7. The impression procedure consists of the loading and unloading 
process. The load according to with depth depicts the Load-depth(displacement) plot, 
shown in Figure 3-3-8. The quantities shown in this plot are : peak indentation 
load; : the indenting depth at peak load; : the final depth of contact impression 
after reloading; and S: the initial unloading stiffness. According to a well-defined shape 
of indenter tip with a whole angle 142.3 (centerline-to-face angle: 65.27), the projected 
area of indenting mark can be estimated for the equation of harness, referred to Figure 
3-3-9. Besides, the reduced elastic modulus is also calculated as a formula by the 
projected area, stiffness, and geometry constant ( ) of the tip. 
 
This measurement is achieved with the aid of nanoindenter (Hysitron TI 980 
TriboIndenter) at NTUST, shown in Figure 3-3-10. In order to assume the abrasion 
mechanism of C60/β-CDs particles acting with SiC substrate during the CMP process, 
a static immersion test is managed for the nanoindentation hardness test to simulate the 
solid C60/β-CDs particles indenting to SiC substrate. Through depositing a thin, C60/β-
CDs layer and indenting this layer with a micron diamond indenter, the change of 
extreme surface hardness (nanohardness) is recorded if there is any mechano-chemical 
reaction that could be detected. In Figure 3-3-11, a physisorption layer or reaction layer 
consists of C60/β-CDs or oxides on SiC substrate by dipped in 0.01 wt% C60/β-CDs 
dispersion or 2.5 wt% H2O2 without any other colloidal SiO2 particle to make sure that 
the indenter can press against solid C60/β-CDs particles until penetrating substrate over 
an adequate depth. The specimen is sliced into a 5 mm square and adhered to the 
magnetic base, and then fixed on the platen for indenting. Due to that indentation is a 
series dynamical loading-holding-reloading process (refer to Figure 3-3-12), the 
maximum loading is defined by the maximum depth, which should be larger than the 
minimum of a convincible, indenting depth on a calibrated quartz standard. The 
hardness and reduced elastic modulus of the fused quartz calibration test are 8.28-10.12 
GPa (9.25 10%) and 66.12-73.08 GPa (69.6 5%), respectively. In this study, the 
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maximum loading is set to 6,000 N while the maximum depth is over 60 nm at least. 
The loading and reloading rates are 1,200 N/sec and -1,200 N/sec, respectively. 
Besides, the 5 seconds holding time is considered to reach a thermal equilibrium while 
loading is reaching and keeping at maximum. 
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Berkovich’s tip where is a geometric constant, flat: 1, paraboloid: 0.75, and conical: 0.72.
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In the series of Figure 3-4-1, the changes of Z-average are small over time except 
for the leftmost data of C60/ -CDs, which is before subatmospheric filtration. The error 
bars show the standard deviation of the continuous ten measurements in 30 minutes. 
The mean size distribution will show the mean particle size of each specific peak, and 
Z-average is usually smaller than the mean size. For the example of Figure 3-4-1(a), 
the Z-average of the sixth day is 171.2 nm, but the mean size calculated from the 
significant peak in the cumulant graph is 199.5nm. Z-average emphasizes the weight 
towards small components and only fits the initial part of the correlation function. 
According to the ISO method, the correlation function fits by a 10% extension of its 
initial value. It is, therefore, possible and likely that the more prominent peaks are only 
slightly contributing to the overall z-average, especially in a polydisperse sample. The 
PdI value of the three ranges from 0.20 ~ 0.26, which belongs to the moderate 
polydispersity. Either Z-average or mean size of C60/ -CDs shows a relatively constant, 
small size distribution after standing for six days. The Z-averages of C60/ -CDs, 
C60/HP- -CDs, and C60/ -CDs on the sixth day are 171.2 nm, 174.1 nm, and 224.86 
nm, respectively. Although C60/HP- -CDs is proposed as a highly hydrophilic 
inclusion complex [40] for long-term dispersity, and it is also seen in Figure 3-4-1(b). 
The hydroxypropyl groups certainly induce the higher solubility for HP- -CD but 
perhaps enhance the intermolecular hydrogen bonds to form a broader distribution of 
C60/HP- -CDs than C60/ -CDs. For the comparable size and dispersity to C60/HP- -
CDs, the cost of C60/ -CDs is more approachable for mass production than C60/HP- -
CDs, whereas C60/ -CDs show not only particle size but intensity distribution is larger 
than the other two. 
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Generally, when a large volume of water enters a solution, not only the 
concentration of solute but the overall viscosity is decreased that causes the calculation 
of the Stocks-Einstein equation (Eq.3-4-2) to a larger mean size, as standard 
(polystyrene, PS) particles (Figure 3-4-4). These mean sizes of the PS particles show 
13.5% and 9.72% of a positive shift in the 60 nm and 200 nm PS particles of 100 times 
dilution, respectively. Except for the PdI of 1wt% 200 nm PS particles, all the 
concentration remains monodisperse, which PdI is lower than 0.1. This phenomenon 
can explain why the diluted monodisperse sizes tend to increase but not aggregation; in 
contrast, all C60/CDs tend to decrease after diluting. The stock solutions of C60/CDs 
inclusion complexes (approx.0.01wt%) are diluted by the 1/2, 1, 2, 4, 10, 20, 50, and 
100 times of its volume of water to investigate the solvent phenomenon on the 
dispersity of C60/CDs inclusion complexes over concentrations. Figure 3-4-5 shows the 
hydrodynamic sizes of each C60/CDs inclusion complex suspending over dilution. The 
green area indicated the size of stock concentration (0.01wt% C60/CDs), and the stock 
solution is gradually diluted by water until ultra-diluted concentration (approx. 
0.0001%). Firstly, we saw a descending mean size of both C60/-CDs and C60/-CDs after 
1st dilution since there might be a crashing effect while external solvent molecules 
intervene in the innate dispersing networks of C60/CDs particles. The forming hydrogen 
bonds of the new water molecules are likely to partially separate C60/CDs' loose 
aggregates. Besides, the rarely changed mean size of the 1st diluted C60/HP- -CDs 
reveals that its intermolecular force is large enough to remain the innate aggregating 
dispersion. As a further diluting (100x), the balance between C60/CDs and water 
networks will break when we see Z-average and PdI go increasing but Mean size 
decreasing. Therefore, we determine the C60/CDs size to meet the comprehensive 
aggregate information, not for the single feature sizes, and the TEM observation gives 
the proofs for this supposition eventually. 
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We have seen the hydrodynamic sizes/diameters of C60/CDs inclusion complex 
exhibit the varied monodisperse distributions according to the pH value of condition 
and concentration of solutes. It reveals that its practice particle size is not just shown as 
the DLS results. Electron microscopy is a powerful technique to determine physical 
properties, like size/diameter, shape, and even surface characteristics. In this section, 
we measured the C60/ -CDs inclusion complex by SEM and TEM. It has been selected 
to add in the polishing slurry in the ensuing investigation of SiC-CMP for its dispersity, 
size, which are comparable to C60/HP- -CDs, but with a lower cost. A drop of C60/ -
CDs solution was loaded on a polished Si substrate and dried in a vacuum chamber at 
room temperature. The detector records the scattered secondary electrons around the 
shallow layer of C60/ -CDs particles to photo a monochrome, as Figure 3-4-6. The 
signs of secondary electrons scatter from the outer superficial layer could not analyze 
the deeper configuration. The more profound secondary electrons cannot penetrate the 
surface to be measured but generate the characteristic X-ray photons detected by the 
element analyzer. From this monochrome, each bump is pretty extensive, micron-scale, 
and with irregular boundaries. It shows that there are crowded with C60/ -CDs particles, 
but they are covered with plenty of cyclodextrins as a dough-like material.  
 
TEM image displays a perspective view of a thin target or small particle which 
thickness is less than a submicron meter compared to an SEM image. We diluted the 
C60/ -CDs suspension by ten times the volume of water and dropped it on a copper grid 
before drying in a vacuum. Figure 3-4-7 clearly shows the aggregates (black cores) of 
the C60/ -CDs inclusion complex involving the dough of -cyclodextrin (grey areas). 
By measuring the size of Figure 3-4-7(c), the cumulant distribution of height is 
depicted in Figure 3-4-7(d), in which the average size is 30.0 nm, and the standard 
deviation is 10.5 nm. This TEM result demonstrates a smaller average size compared 
to the DLS result. Besides, the crystalline aggregates of -cyclodextrin are captured 
in Figure 3-4-7(e) but seem mixed with rare and small amounts of C60/ -CDs; similarly, 
some candidates of single C60/ -CDs inclusion complex are found embedded in a dough 
of cyclodextrin aggregate as Figure 3-4-7(f), which estimated size is around 2.69 nm. 
In a try of cryogenic TEM, to avoid the aggregation of excess cyclodextrin, the copper 
grid was immersed in liquid nitrogen after loading a drop of C60/ -CDs dispersion. In 
this way, we expected the excess cyclodextrin well-dispersed, frozen, and fixed in the 
water space but not obstruct our view of C60/ -CDs inclusion complexes. Without the 
surrounding of translucent materials, we can review the detailed profile of a complex 
aggregate. Because the sample contains plenty of water (ice), we could not exclude any 
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possibility of shape-shifting of the C60/ -CDs complex. The hydrates of the inclusion 
complex expand by crystal water (ice). From Figure 3-4-8, the size and profile of a 
C60/ -CDs aggregate look much larger and sharper. The bumps-like profile is barely 
discernible on a flat edge after CTF (Contrast-Transfer-Function, H(k)) correction, an 
image processing to compensate the related coefficients, e.g., the incident angle, focus 
of the lens, and spherical aberration to retrieve the undistorted detail of the low-contrast 
images. In the corrected figure, a bump fitting with around 3.2 nm of the sphere is 
regarded as a single C60/ -CDs inclusion complex. We conclude an aggregate of C60/ -
CDs inclusion complex as described in this figure below, 30 nm to 400 nm in diameters. 
 
Otherwise, in the analysis of SAED (selected-area-electron-diffraction) patterns, 
different planes of C60 nanoclusters accommodating with dough of cyclodextrin are 
observed. In Figure 3-4-9, a small area of aggregating complexes is selected to analyze 
the diffraction patterns. The halo and rings patterns show the characteristics of the 
C60/ -CDs complex is between amorphous to polycrystalline, in which the interplanar 
distances ( ) are from 0.426 nm to 0.807 nm. According to a proposed result of 
fullerene film by Shabanova and et al. [45], the planes are tabulated as (111), (220), 
and (311), and the comparable values of  are found in the below enlargement. 
Besides, Figure 3-4-10 demonstrates the other cases of SAED patterns of other C60/ -
CDs which are based on FCC structure [46,47] (a = 1.417nm). And, these planes are 
consistent with the top 4 reflection indices of FCC lattices in the large-angle X-ray 
diffraction pattern of C60 powder, shown in Figure 3-4-11. 
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Although the technique of DLS has become relatively standard in many particle-
sizing issues by analyzing intensity fluctuations and diffusion coefficient with known 
viscosity to fit the corresponding size ( ). However, some measured dimensions are 
not as expected. Concerning potential reasons, sometimes the obtained size is larger or 
smaller than its feature size. For example, we have seen that the DLS's mean size of the 
C60/ -CDs suspension is larger than observed in TEM. By far, this is the most 
frequency-encountered case that causes by aggregation (assembly formation, unstable 
sample, or preparation) for a slower diffusion coefficient smaller than expected. From 
the TEM, we have understood the aggregation happening in C60/ -CDs suspension, 
whereas we have no idea when it mixes with other nanoparticles. 
 
Interestingly, it is not our expectation of two peaks or a larger hybrid peak 
happening when mixing with colloidal SiO2 particles. Figure 3-4-12 illustrates the 
DLS results of intensity size distribution as 0.01% C60/ -CDs with 1wt% 4 nm, 20 nm, 
55 nm, and 105 nm, respectively. The grey-dot curves symbolize the size distribution 
of each 1wt% colloidal SiO2 suspensions, and the colorful curves represent a mixture 
with C60/ -CDs suspension. Except for the case of 105 nm SiO2, the grey-dot curves 
shift to the right side, and it reveals the phenomena about the size restructuring and 
adsorption, i.e., the C60/ -CDs complexes adsorb to nano SiO2 particles, and vice versa. 
It is possible to restructure the dispersible condition of nanoparticles since they behave 
a kind of dynamical balance with environmental coefficients, e.g., zeta potential, ion 
strength, concentration gradient, etc. 
 
The DLS shows an overall result, not for the exact size, but it reveals what could 
be compared with electron microscopy methods. Except that 4nm SiO2 nanoparticles 
exhibit ca. 19 nm aggregates in diameter, the other sizes of SiO2 are regarded as less 
aggregation because their hydrodynamic sizes are below twice their feature sizes. From 
the change of sizes of C60/ -CDs after mixing with SiO2, two categories are observed. 
One is the size distribution of SiO2 shifting close to the size of C60/ -CDs, e.g., with 4 
nm and 20 nm SiO2. The other one is the overall size distribution of C60/ -CDs greatly 
decreases, and this size is larger than a feature size of SiO2 particles, e.g., with 55 nm 
and 105 nm SiO2. For the result, we list the possible consideration in the right graph 
of Figure 3-4-12. 
As Bun-Athuek [48] said in his research, the 4 nm ultra-fine SiO2 nanoparticles 
tend to adhere to the surface of larger particle size is just a monolayer, like our C60/ -
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CDs aggregate the rest of SiO2 remains to suspend in the solution space. For the 
formation of a monolayer on 200nm of C60/ -CDs aggregate surface and the liquid 
areas filled with 4 nm ultra-fine SiO2, there is multiple-scattering, where a sample is so 
concentrated that photons are reflected off many different scattering objects before 
reaching the detector concentration, probably happening. As a schematic graph of 4 nm 
SiO2 adhering to C60/ -CDs aggregate, the scattered lights of C60/ -CDs aggregate 
might be influenced by a high concentration of SiO2 surrounding with C60/ -CDs to 
multi-scatter in advance and be detected. Thus, it leads to a smaller size of C60/ -CDs 
aggregate than its actual size, and so does 20 nm SiO2, which the overall size of hybrid 
particles is larger than SiO2 but smaller than C60/ -CDs aggregate. On the other hand, 
55 nm and 105 nm SiO2 particles are much less than 4 nm and 20 nm SiO2 particles 
under the same weight percentage concentration. The multi-scattering decreases, and 
additionally, with the large mass, the large SiO2 particles are easy to break through the 
binding of aggregate after homogenization (stirring or ultrasonication), making 
adhesion layers of C60/ -CDs coating with a single SiO2 particle. The thickness of the 
adhesion layer is 29.40 nm on 55nm SiO2, approx. one monolayer (as a small aggregate 
of C60/ -CDs is 30 nm) and well-wrapped; for 105 nm SiO2, C60/ -CDs complexes 
partially adhere to the surface since its layer is just 5.46 nm, which is shown as the 
rightmost graph. The curvature of 105 nm SiO2 might be difficult for C60/ -CDs 
complexes to wrap together and remain on the surface. 
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S.No. 1/r (nm-1) dhkl ( ) (hkl)
1 1.238 0.807 (111)
2 2.022 0.494 (220)





Chapter 3. C60/Cyclodextrins Slurry for Sic Substrate CMP 
S.No. 1/r (nm-1) dhkl ( ) (hkl)
1 1.238 0.807 (111)
2 2.072 0.483 (220)
3 2.236 0.447 (311)
S.No. 1/r (nm-1) dhkl ( ) (hkl)
1 1.260 0.793 (111)
2 2.001 0.499 (220)
3 2.457 0.407 (222)
S.No. 1/r (nm-1) dhkl ( ) (hkl)
1 1.257 0.795 (111)
2 2.238 0.446 (311)
S.No. 1/r (nm-1) dhkl ( ) (hkl)
1 1.208 0.827 (111)
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In CMP experiments, we chose four kinds of slurry for polishing C-terminated 
4H-SiC substrate. Figure 3-4-13 demonstrates the results of MRR and the average 
surface roughness ( ) of before and after CMP in one charter. The chat can be 
attributed to 4 characters, (1) AB and CD according to without or with solid addition, 
C60/ -CDs, respectively; (2) AC and BD according to non-oxidant (H2O2) or contain, 
respectively. 
 
The bar graph shows the average MRR of each treatment. This classification is 
based on the concept of physical gain and chemical gain. The solid addition, C60/ -CDs 
nanoparticles, increases abrasive efficiency physically. On the other hand, the chemical 
agent, H2O2, changes the surface configuration by a kind of chemical reaction, oxidation. 
For example, the increasing MRR by a kind of solid addition, diamond 
nanoparticles [49], was regarded as a sort of physical gain because that diamond 
particle can resist the collapse of itself while scratching against SiC surface. By contrast, 
the failure of the SiC surface happens earlier. The increasing MRR is hence obtained. 
For the sample of the chemical gain, such as hydrogen fluoride (HF) [50] or potassium 
permanganate (KMnO4) [51], their strong chemical reactions will result in the corrosion 
or oxidation on the terminated silicon atoms of SiC. For this study, the C60/ -CDs 
regarded as solid addition and H2O2 as a chemical agent are added to the reference 
slurry, colloidal SiO2. Back to the bar graph, the BCD treatments got noticeable gains 
on MRR compared to reference A. The gains of 54.9%, 49.9%, and 79.5% are B, C, 
and D, respectively. For such a high-stiffness and chemically inert material, the 
comprehensive efficiency is relatively low in A slurry. For the aspect of B, the chemical 
gain happened since the Si atoms of the SiC surface have been oxidized to 
SiCxOy [52,53] by H2O2 and removed by the colloidal SiO2 that this composition is 
commonly used for most of the CMP process. 
 
 On the other hand, due to C60/ -CDs showing a solid appearance under the TEM, 
we attributed B to a substantial addition to inducing the physical gain on MRR. This 
gain is as comparably high as with oxidant H2O2. Although D exhibited the highest gain 
of the four, the synergic effect was not high as we expected. It seems that the impact of 
two additions, H2O2, and C60/ -CDs particles, clash a bit with their removal mechanism. 
Oxidation must rely on the hydroxyl radicals (*OH) from the bond breaking of the O-
O bond of H2O2. Because that C60 exhibits the ability of radical scavenger, the partial 
*OH radicals were hence consumed by C60, not react with the dangling bonds of SiC 
surface. Focusing on average surface roughness ( ) with the surface profiles of Figure 
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3-4-14, the straight scratches were attributed to the aggregated abrasives or fragments 
sticking on the pad. The B surface remained a lot of pitting holes that sign a chemical 
reaction existing during polishing. For C surface, polished by SiO2 and C60/ -CDs, 
there is nothing else except for the scratches. This difference indirectly indicated that 
the removal mechanism of C60/ -CDs should be dominated by a kind of mechanical 
abrasion, not chemical oxidation and corrosion. For D, we observed the serious 
corrosion marks distributing to everywhere of SiC surface which polished by SiO2, 
H2O2, and C60/ -CDs. The cause of these corrosion marks might be attributed to a high 
production rate of *OH accelerated by C60/ -CDs nanoparticles, and these excesses of 
grown oxide components were thus not expelled by abrasives immediately. 
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The purpose of nanoindentation is to simulate the C60/ -CDs nanoparticles acting 
with SiC substrate. We prepared an immersion experiment to deposit an adhesion 
C60/ -CDs layer for nanoindentation. The practice abrasion of C60/ -CDs is hard to 
inquiry unless there is a small microscope set between the SiC substrate and polishing 
pad. So, the purpose of the indentation test is to explain the gain of MRR during 
polishing. Figure 3-4-15 illustrates a concept we expect to see during nanoindentation. 
We expected to indirectly observe the existence of the transition layer by the fluctuation 
of surface hardness when the adhered C60/ -CDs layer is indented to SiC substrate by 
a nanodiamond tip. Firstly, the load-depth plot is depicted, and the high-resolution 
optical microscope will capture the images of indenting marks.  
 
As shown in Figure 3-4-16, the four load-depth curves were the SiC substrates of 
DIW: immersed with deionized water; H2O2: immersed with 2.5% H2O2; C60/ -CDs: 
immersed with 0.01% C60/ -CDs; H2O2+C60/ -CDs: immersed both additions. The 
surface in a 100 m2 area shows the average roughness ( ): 4.4 nm and RMS 
roughness ( ): 5.3 nm. It reveals there is possible that a flat, thin, and uniform layer 
is formed on the substrate, and there are no large particles or pollution to interfere with 
indentation. Even though we have observed the aggregated C60/ -CDs with sizes in the 
ranges of 20 nm - 50 nm by TEM, the inherent surface profile, such as these nano 
scratches, is seen in this microscope image. Figure 3-4-17 shows the bar graphs of 
hardness and reduced elastic modulus. The 19.5% decrease of hardness in C60/ -CDs 
immersed substrate was compared to DIW (reference), whereas 7.3% and 7.1% 
increased in substrates immersed with H2O2, and H2O2+C60/ -CDs dispersion, 
respectively. This result is not the same as we expected once immersing in the H2O2 
solution. For instance, the hardness of this oxide layer (SiOxCy) is not different from 
the inherent substrate (since there is a 10% tolerance in hardness). Still, for the SiC 
surface immersed with C60/ -CDs, a specific physical effect, like a mechano-chemical 
reaction, weakens the atomic bonding of SiC lattice during impression because that 
C60/ -CDs is not oxidative. Besides, the chemical reaction of the oxidant dominates 
most of the surface reaction. Even though it is immersed in a mixture of H2O2 and C60/ -
CDs, there is the same performance as with just H2O2 solution. The oxidation(H2O2  
SiOxCy) is faster and broader than physical deposition (C60/ -CDs on the surface) 
during the measurement of nanoindentation. However, during the practice CMP 
process, this thin SiOxCy is removed by the similar composition abrasive, SiO2, which 
increases the contact probability of C60/ -CDs nanoparticles to the inherent substrate 
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and forming a synergetic abrasion between C60/ -CDs and colloidal SiO2 particles. 
Hence, its MRR exhibited the highest rate among the four. 
Hypothetically, a kind of removal mechanism, mechano-chemical abrasion, is 
proposed to C60/ -CDs nanoparticles in Figure 3-4-18. As figure (a) demonstrates, 
H2O2 as an oxidant promotes the oxidation of Si and C terminal atoms at the surface. 
K. Yagi [52] described that the *OH radicals oxidize the SiC surface by Eq.3.4.3. 
Additionally, Y. Peng [53] et al. also claimed that carbonaceous materials could be 
oxidized to carbonyl (–C=O), hydroxyl (–OH), and carboxylic (–COOH) groups on the 
carbon nanotubes (NTs). The oxidation of the carbon-terminal SiC surface is described 
in Eq.3.4.4. H2O2 oxidant forms (i)an oxide layer, and (ii)SiO2 particles adhere to the 
oxide layer. Finally, (iii)particles with partial lumps of oxide are stripped by pad 
asperities. 
– – – – – –
In figure (b), according to the indentation results, a viewpoint is proposed that the 
C60/ -CDs should interpose its active bonds –C=C– with the intrinsic bonds of silicon 
or carbon atoms shown as Eq.3.4.5. It is considered similar to a certain mechano-
mechanism producing a weak transition layer, resulting in lattice mismatch. Then, this 
transition layer would conduce to be removed by the SiO2 particles, as Figure 3-4-19. 
According to theoretical hardness, another straightforward assumption might be that 
(super-hard, SH) polymerized C60 [54,55] might exhibit a higher hardness than SiC or 
comparable with diamond. We suspected a few C60-derivatives, similar to SH 
polymerized C60, happened during milling preparation or high-pressure CMP process. 
– – – – – – – – – – –
Whichever assumption, mechano-chemical abrasion or higher-hardness abrasion, 
consequently increases MRR. In the next chapter, we investigate more detailed 
characteristics of not only C60/ -CDs but C60(OH)12 (fullerenol) as additions in slurry 
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for the SiC substrate CMP process. Besides, among post-CMP surface of BCD, C has 
the lowest increase of so that for the further comprehensive performances, the colloidal 
SiO2 with C60/ -CDs dispersion is investigated in the following research. In Chapter 4, 
we continued researching the application of the hybrid abrasive system of slurry, 
colloidal SiO2, and water-soluble C60-derivatives for SiC substrate CMP. 





















Chapter 3. C60/Cyclodextrins Slurry for Sic Substrate CMP 














Chapter 3. C60/Cyclodextrins Slurry for Sic Substrate CMP 
Average 28.73 30.85 23.10 30.77
STD 0.43 0.08 0.28 0.19
Average 191.64 265.28 127.58 257.15
STD 0.98 4.58 0.03 2.63
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In Chapter 3, we have known the properties of the C60/cyclodextrin inclusion 
complex and its performance in the SiC CMP process. A related mechanism of 
mechano-chemical abrasion is thus proposed based on the nanoindentation. Usually, 
the used slurry escapes from the rotating polishing plate and is collected to dispose of 
semiconductor industrial waste. During the disposal procedure, the judged spent-slurry 
goes through many treatments, such as adding clarifying agents to induce chemical 
flocculation in suspended solids, like colloidal particles, which compress their 
thickness of the electric double layer and causes precipitation. Besides, physical 
flocculation, e.g., dissolved air flotation, crossflow electro-membrane filtration, and 
electro-coagulation, are standard methods to separate the suspended solids. The rest of 
the hazardous chemicals need to be chelated and emitted into the environment with pH-
adjusted waste. The whole procedure increases not only the cost but massive 
consumption of energy and time. Therefore, expanding either polishing efficiency or 
extending the duration of abrasive in the slurry is the way for cost reduction. This 
chapter will focus on the possibility of a long-period CMP duration with C60 derivative 
particles for SiC substrate, and that is one of the motivations in this study.  
 
In this chapter, we’re going to see the more performance of hybrid SiO2 slurry in 
other conditions, for example, how many hours it sustains after recycling and reusing. 
A specific design of a polishing plate is built to achieve the collection of a used slurry. 
Besides, we have also researched the performance while it is blended with the smaller 
colloidal SiO2. And except for the abovementioned C60/ -CDs inclusion complex, we 
have compared another water-soluble C60-derivative, C60(OH)12 (fullerenol), in the SiC 
CMP process. Finally, the surface profile is measured by the optical microscope, 
confocal laser interferometer, and atomic force microscope (AFM) to analyze the 
generation of abrasion texture by the physical force of abrasives. 
 
Chapter 4. Performance of C60/ -Cyclodextrins and C60(OH)12 Slurry  
Used in Continuous CMP 
 
4.2 Experimental Method & Equipment 
 
4.2.1 Batch-reused Slurry System & Slurry 
 
A batch-reused slurry (BRS) system is named because the escaped slurry, mixing 
with active and inactive abrasives, is collected for the subsequent polishing process. 
The flowing slurry will be kept on the pad by a circular baffle. As Figure 4-2-
1 illustrated, the outer edge of the 300 mm polishing plate is circled by a plastic sheet 
to remain the slurry escaped because of the centrifugal inertia force. The height of the 
circular baffle is 10 cm which is firm enough to sustain the weight and volume (Max. 
650 ml) of liquid to keep the escaped slurry in one batch of the CMP process. The 
remained slurry will be sampled for other off-line inspections, such as DLS or UV-
visible light spectroscopy, and then re-enter the slurry system for the following process. 
All slurry is transferred between the pad and the slurry container to avoid introducing 
undesirable materials such as dust and contaminants. 
 
This polishing plate of the BRS system is loaded on the table specimen polishing 
machine (Rana-30, IMT co. Ltd.), which rotation speeds are 50 ~ 200 rpm on the carrier 
and 50 ~ 400 rpm on the platen, the adjustable pressure in the range from 50 ~ 400 
Newtons. Besides, we refer to the same polishing pad series, non-groove type 
SUBATM600 (NITTA Dupont co.) As product specification tabulated in Figure 4-2-2, 
our specimen is small (less than 16 mm2). The SUBATM600 is softer and has high 
compressibility of the number pads that can reach the high inclusion rate of slurry in a 
unit area. Its high compressibility and non-groove top surface can reduce the severe 
scratches due to the coarse dust or chips over the target surface. It benefits investigating 
the contribution brought from the nanoparticles though it could sacrifice a bit abrasive 
efficiency. To select slurry, we remove the oxidant, H2O2, to directly reflect the original 
behaviors of abrasive reacting with the SiC substrate surface. The hybrid abrasive slurry 
composition contains 10wt% colloidal SiO2 suspension (Nalco co.) and 0.01 wt% 
additive complex particles, such as C60/ -CDs complex or fullerenol, which belongs to 
a family of water-soluble derivatives of fullerenes. 
 
Fullerenol expressed as the form of C60(OH)n. Its water-solubility is concerning 
the grafted number, n, of hydroxyl groups. The large number it owns, the significant 
solubility [2.50] in water it has; whereas, it only disperses in the high ion-strength 
solution, for example, the one of low-hydroxylated fullerene, C60(OH)12 has to dissolve 
with alkaline KOH solution (pH>10). It was ever used as functional nanoparticles in 
researches [2.53, 2.54] of the sapphire substrate, and the previous results have 
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demonstrated the improvement in removal rate during the CMP process. Indeed, the 
alkaline materials participate in a series of hydration on the sapphire surface to form a 
soft aluminum hydroxide, Al(OH)3, layer; however, we devote to observing and 
determining the improvement from the own specific structure and size of fullerene 
nanoparticles. Thus, a small amount of organic co-solvent is dissolved with C60(OH)12 
and water instead of KOH. This co-solvent is dimethyl sulfoxide (DMSO) [2.46], a 
colorless polar aprotic solvent that dissolves with polar and nonpolar compounds; 
moreover, it is water-miscible. Here the added concentration of DMSO is less than 
1wt% for about 0.01wt% C60(OH)12 solution. Figure 4-2-3 shows C60/ -CDs complex 
suspension and C60(OH)12 solution in the counting vials. And Figure 4-2-4 shows the 
roles among the major abrasive, auxiliary abrasive, and polishing pad. In the section 
of Results & Discussion, the performance of this auxiliary C60(OH)12 abrasives is 
demonstrated by SiC CMP. 
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Figure 4-2-1. Schematic diagram of batch-reused slurry (BRS) system and appearance 
of the table specimen polishing machine (Rana-30). 
Re-enter the next process
Collecting
Batch-reused slurry (BRS) mode
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Figure 4-2-2. SEM image of cross-section of the hard type SUBATM series polishing 
pads and the specification of different number of pads. (Photos from Anchor Techno 
co., www.anchor-t.co.jp/article/15065811.html) 
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Figure 4-2-3. The appearance of (a) C60/ -CDs inclusion complex suspension and (b) 
C60(OH)12/DMSO solution in the counting vials. The concentration of SiO2 is 10 wt%, 
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Figure 4-2-4. The roles among the major abrasive, auxiliary abrasive and polishing pad 
in SiC CMP with hybrid SiO2 slurry. 
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4.2.2 UV-Vis Light Spectroscopy & Concentration Analysis 
 
When we need to identify or find out how much of something is in a substance, 
then the UV-visible light spectrophotometer performs optical spectroscopy, which is a 
method that investigated how light interacts with matter in the ultraviolet and the visible 
range of light shown in Figure 4-2-5. As to how a spectrophotometer works to calculate 
concentration in a matter, firstly, the cuvette containing the sample is placed into the 
spectrophotometer. Inside the spectrophotometer (refer to Figure 4-2-6), there are the 
light sources (usually are two, a deuterium lamp and a halogen lamp for near UV-light 
and visible light). The next device aligning with lamps is a monochromator which 
consists of two slits, a collimating mirror, a diffraction grating, and a filter. The next 
element is a beam splitter that divides a beam of light into two parallel beams of equal 
intensity. The sample compartment contains two cuvettes, one for the sample and the 
other for reference, like water. These two slitted beams will traverse reference and 
sample cuvette, respectively. The detectors are placed at the terminal to convert the 
impacted photons into the electrical current monitored by a processer (computer). The 
intensity of the beam exiting both the reference and sample cuvettes is identified 
as I0 and I, respectively. The transmittance (T) of the sample is the ratio 
of I to I0, which is according to Beer-Lambert law of Eq. 4.2.1. Over constant 
parameters in the Beer-Lambert law are the path length (l) and a factor called the 
extinction coefficient ( ), which is specific to each substance. The concentration (c) is 
a term in the exponent, but beer's law converts the % transmittance into the absorbance 
(Abs.) Absorbance takes the negative logarithm of the transmittance as Eq. 4.2.2. After 
taking the logarithm of an exponential function, it creates a linear function, Eq. 4.2.3. 
It makes the data, when plotted as absorbance rather than T to be considerably easier to 
read. It is much easier to predict the exact absorbance by either extrapolating or 
interpolating within the data set that we have collected as the calibration curve in 
advance. That is the utility of the Beer-Lambert law and the reason why we usually 




T =                         Eq. 4.2.1 
Abs. = log10 ( )                      Eq. 4.2.2 
=                          Eq. 4.2.3 
 
The beam of light, which involves various wavelengths of light, will pass through 
the cuvette, and the sample in the cuvette will absorb the particular wavelengths. In 
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other words, the higher concentration in the sample, the more light that is 
adsorbed. Finally, the spectrograph shows the absorbance of that sample for the whole 
range of wavelengths within the ultraviolet and visible light regions. We can use the 
calibration curve, which shows the absorbance at a particular wavelength against the 
known concentration. Once we know the amount of light absorbed by the sample at that 
wavelength, we can quickly determine how much concentration it is in an unknown 
sample by the interpolation method. And Figure 4-2-7 shows the interior structure and 
set-up of a single beam system of UV-Vis spectrophotometer applied in this research. 
Due to a single cuvette, we need to record the I0 as reference (by water) transmittance 
before measuring the sample.  
 
This experiment is used to measure how much concentration of hybrid abrasive is 
remaining in the used slurry. The calibration curve for concentration and absorbance is 
graphed with the absorbance of an initial slurry at a specific adsorption wavelength of 
light which is a linear correlation between the concentration and absorbance. The initial 
slurry will be diluted to ten kinds of diluted concentrations by pure water. From these 
absorbance values in different concentrations, we can fit these data with a linear 
equation. Besides, we make the estimated concentration standardization which is to 
divide by initial concentration. In the new unit of standardized concentration, the value 
1 means the concentration of the initial slurry. In contrast, if the value is 0.5, the residual 
concentration of slurry is only 50% remained compared to the initial concentration. 
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Figure 4-2-5. Wavelengths of visible light and ultraviolet light. (Source: Once.lighting) 
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Figure 4-2-7. The interior structure and set-up of a single-beam system of 






Quartz cuvette (2ml), 
SANSYO co.
Transmittance of 






















Chapter 4. Performance of C60/ -Cyclodextrins and C60(OH)12 Slurry  
Used in Continuous CMP 
 
4.2.3 Atomic Force Microscope 
 
Atomic Force Microscope (AFM) is a well-developed technique for surface 
inspection in nanoscale. It belongs to the family of scanning probe microscopes, which 
is used a cantilever with a very sharp tip to scan over a sample surface. As approaching 
the sample surface, the interatomic force (Van der Waal’s force) on this tip behaves 
attractive or repulsive according to how close to the surface. Figure 4-2-8 demonstrates 
the interatomic force between two neutral atoms against the distance. Before attaching 
to the sample, an attractive force happens at the tip in the range of A to B, which causes 
the cantilever to deflect towards the surface. The distance of R0 shows there is a 
maximum attractive interatomic force; whereas, the repulsive force is creasing as 
approaching to surface. When the distance comes to C, there is a temporary situation 
that the repulsive force equals to an attractive force. As the tip is brought even closer 
to the surface, it makes solid contact with the surface. Increasingly repulsive force takes 
over and causes the cantilever to deflect away from the surface from distance D back 
to C. The AFM uses this principle to gain information on the various surfaces by 
detecting the cantilever deflections towards or away from the surface. By reflecting an 
incident laser beam off the flat top of the cantilever. The cantilever deflections will 
cause slight changes in the direction of the reflected beam; thus, when the tip passes 
over a raised surface, the resulting cantilever deflection and the subsequent shift in the 
direction of the reflected beam are recorded by a position-sensitive photodiode (PSPD), 
as Figure 4-2-9. In this research, SPA300HV is utilized to measure the surface profile 
of the polished wafer. Figure 4-2-10 shows our AFM system, a scanning distance from 
50 nm to 30 m in length. The non-coating n+ silicon probe is installed for contact-mode 
scanning. 
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Figure 4-2-8. Interatomic force and distance between two neutral atoms or molecules. 
A-D modes represent the attractive or repulsive force with different distances from the 
sample surface. 
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AFM system (SPA300HV, Seiko Instruments Inc.)
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4.3 Results & Discussion 
 
4.3.1 C60/ -CDs Hybrid SiO2-based Slurry 
 
The original decision of changing the SiO2 concentration from 1 wt% to 10 wt% 
is according to the previous collaboration research, Hua [2.62] proposed the average 
surface roughness ( ) of SiC substrate polished by hybrid slurry (0.01 wt% C60/HP- -
CDs + 10 wt% 80nm SiO2) is improved ( : 8.45 nm), whereas the  is 15.82 nm for 
only SiO2 slurry as shown in Figure 4-3-1. And it is the most apparent increase of MRR 
when C60/HP- -CDs is used with 10 wt% 80 nm SiO2 particle though the MRR is the 
lowest of three sizes of SiO2. In our experiment, the closest sizes we used is 55 nm 
colloidal SiO2, and from the previous results of DLS (refer to Figure 3-4-12), there is 
likely a monolayer of C60/ -CDs wrapping on 55 nm SiO2 surface. Theoretically, the 
pressure setting of 50 N is much close to 28 Psi loading on the previous experimental 
specimens. Still, due to the selection of polishing pad (SUBATM600), we can see the 
overall MRRs are lower than Chapter 3. One is for the pad hardness, and the other is 
for the high concentration of colloidal SiO2 in hybrid slurry. In the last part, we will 
explain why the overall MRR goes down if the solid concentration of colloidal SiO2 
increases. 
 
The polishing parameters are listed in Table 4-3-1. By C60/ -CDs hybrid abrasive 
slurry, the MRR of SiC substrate is recorded in Figure 4-3-2, the columns of each 
group from left to right are single C60/ -CDs, single 55 nm SiO2, and hybrid abrasive, 
respectively. The overall trends of MRRs, reveal the decrease after reused the collected 
slurry, either single SiO2 slurry or C60/ -CDs hybrid slurry. This descending 
phenomenon is with respect to the decreasing concentration of abrasive; indeed, the 
nanoparticles are easily caught by the asperities of pads. As shown in Figure 4-3-3, we 
can recognize the colors of the clogged pad surface from the original color (at the center, 
white region). The clogged areas turn to brown color, and the deep-brown color 
happened at the sites under the wafer (solid contact). The practice photo shows a lot of 
abrasive clogging in the slits of asperities once slurry dropping and pressed into the pad 
by a specimen (SiC substrate). According to the absorbance changes at 435.3 nm 
wavelength, we can estimate the related residual concentration of C60/ -CDs in the 
collected slurry. Figure 4-3-4 graphs the absorbance curves from 0.01 wt% to 0.001 
wt% of single C60/ -CDs slurry and draws as a concentration-absorbance curve. By 
interpolation method according to this concentration-absorbance curve, the residual 
concentration of C60/ -CDs is obtained and standardized. We can see the initial 
standardized value (1.0) descends after each polishing by a rate of about 50% 
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decreasing. It remains a very low concentration of residual C60/ -CDs after the 4th 
polishing slurry, which is less than one-tenth of the initial concentration. 
 
The second message from the Figure 4-3-2 is that the clogging phenomenon 
rarely influences MRRs of collected single C60/ -CDs slurries. It shows that C60/ -CDs 
slurry results in very slight mechanical abrasion to SiC substrate even if the most 
complex clogging in the slits of the pad. The C60/ -CDs inclusion complexes need the 
aid of the coexisting primary SiO2 particles, which is exactly consistent with the 
abrasion model mentioned in Chapter 3. The overall MRRs of hybrid SiO2 slurry, either 
new or reused, are higher than using single SiO2 slurry; however, they seem not to be 
comparable to the sum of individual MRR of single C60/ -CDs inclusion complex and 
single SiO2 slurry. It might be easily considered a concept of contact probability 
(Figure 4-3-5(a)(b). From (c), we can know the contact area of each particle is 
decreasing, so that might turn the sliding motion into a rolling motion which means the 
decrease of coefficient of friction (COF) and the decay of the efficient abrasion. 
Additionally, when one kind of abrasive with numerical superiority exists in hybrid 
slurry, they must consume the contact probability (to SiC surface) of the relatively rare 
abrasive, just like shown in Figure 4-3-5(d). To enhance the efficiency of MRR, we 
looked forward to examining another smaller size and more water-soluble particle of 
C60 derivatives for hybrid SiO2 slurry. Therefore, in the next section, we will show you 
the performance of low-polyhydroxylated fullerene (fullerenol), C60(OH)12, in hybrid 
SiO2 slurry of SiC CMP process. 
 
About the surface roughness of post-CMP SiC substrate, we use two surface 
inspection instruments to describe the surface. One is an optical microscope, and the 
other one is an atomic force microscope (AFM). The purpose is to observe the surface 
under different scales because both methods have their merit and limitation, such as the 
ranges of scale, the kinds of obtained information, etc. As in AFM, Figure 4-3-6, many 
nano-scratches distribute on the initial surface since they are pre-polished by wafer 
makers. These straight scratches are caused by the chemical reaction of slurry and the 
mechanical abrasion of nanoparticles in the previous treatments. After polished by a 
single SiO2 slurry, the scratches were removed. The mechanical abrasion of SiO2 
abrasives only causes a very low removal rate to hard SiC surfaces without any 
chemical agents. Figure 4-3-7(a) plots a corner of the depression descending about 42 
nm against the higher areas. Its edge is distributed with many pitting holes caused by 
SiO2 particles. The high site (b) behaves smoothly, whereas (a) the area, including 
depression and pitting holes, is pretty rough. Besides, each (d) pitting hole is about 6-7 
nm in depth. For the surface polished by a single C60/ -CDs s inclusion complex, a kind 
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of specific pattern appear. It looks like a crater that has a flat bottom at the center as 
smooth as the surrounding plateau and the coarse slope locating at its edge, just shown 
in Figure 4-3-8(a). Its descending depth is shallower than by SiO2 abrasive, around 5-
20 nm in depth. It is regarded as a result caused by the aggregate C60/ -CDs inclusion 
complexes. It also reveals its single mechano-chemical abrasion can remove SiC 
material. Like previous single SiO2 results, the roughness out of the crater (b) is very 
flat and smooth. We can see the fine abrasion marks with the pitch of about 26 nm by 
the coarse abrasion marks at the edge of the crater. 
 
On the other hand, Figure 4-3-9 shows a significant improvement in surface 
topography for the C60/ -CDs hybrid SiO2-based slurry. The (a) graph exhibits a 
smooth and less-scratch surface, and even tiny scratch is less than 0.5 nm in depth. The 
roughness in a small area (in 1 m square) in the graph (b) is very smooth. There are 
sparse and adhered bulges ranging on a smooth surface about 4 nm in height and 200 
nm in width, such as Figure 4-3-9(c). These slow bulges are exactly regarded as a kind 
of indication of the transition layer of C60/ -CDs complex and SiC before removing by 
SiO2 particles and pad asperities, consistent with our abrasion model in Figure 3-4-
18 of Chapter 3. Finally, we summarize all the roughness information of the above 
treatments in one graph of Figure 4-3-10 for comparison. The hybrid slurry enhanced 
the essential abrasion ability of SiO2 particles and reduced the difference of surface 
topography, such as depression and crater-like holes. The values in the tables represent 
that the roughness of AFM is according to the observing size, which means if the 
abrasion texture is more extensive than we observed, then the roughness might be lower 
as the second table. However, even in such a small scanning area, we can see the 
roughness of the hybrid one is the lowest. As a result, the MRR of C60/ -CDs hybrid 
SiO2-based slurry doesn’t exhibit as high as expected. Smaller dispersing size and more 
water-soluble fullerenol, C60(OH)12, should be expected to reduce the above problems 
based on clogging and low enhancement. 
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Figure 4-3-1. MRRs and  of SiC substrate which are polished by SiO2 and hybrid 
slurry. The silica A, B, and C are represented the average sizes of SiO2, 17 nm, 80 nm, 
and 105 nm, respectively. [2.62] 
 
Table 4-3-1. Polishing parameters on Rana-30 polishing machine 
 
SiO2          SiO2 + C60/HP- -CDs
SiO2          
SiO2 + 
C60/HP- -CDs
17nm SiO2 80nm SiO2 105nm SiO2
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Figure 4-3-2. MRR of C60/ -CDs hybrid abrasive slurry with ERS mode on 
SUBATM600 polishing pad (non-groove type). The increasing percentages in red are 
hybrid abrasive against single SiO2 abrasive during the same polishing time. The 
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Figure C60/ -CDs inclusion complex in slurry 
calculated from the absorbance at 435.3 nm which exhibits a linear calibration curve 
according to C60/ -CDs concentration. The below graph depicts the calculated 
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Figure 
C60/ -CDs inclusion complexes between SiC surface and pad asperity. The red 
profiles demonstrate the contact interface between abrasives and substrate surface. (c) 
shows the contact condition in a high concentration of SiO2 slurry. The graph (d) draws 
the hybrid abrasives line in the gap between SiC and pad.
(a) SiO2 (b) C60/ -CDs inclusion complex
Pad asperity
SiC surface
(c) Low coefficient of friction system
(d) Low contacting frequency of  C60/ -CDs
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Figure C60/ -CDs 
inclusion complex suspension
ca. 3,000 ~ 5,000 nm
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Figure C60/ -CDs SiO2-based 
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Figure 
5x5 As-received SiO2 C60/ -CDs Hybrid abrasives
0.90  (0.20) 6.79    (4.33) 3.25    (1.67) 0.69    (0.36)
9.53  (2.40) 49.51  (28.23) 24.01  (9.55) 17.40  (13.57)
1.14  (0.26) 8.76    (5.31) 4.22    (1.89) 0.92    (0.44)
1x1 SiO2 C60/ -CDs Hybrid abrasives
2.15    (0.20) 0.88    (0.45) 0.14    (0.05)
17.33  (1.22) 8.25    (2.87) 3.39    (3.77)
2.82    (0.30) 1.13    (0.50) 0.24    (0.77)
(Unit: nm)
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4.3.2 C60(OH)12/DMSO Hybrid SiO2-based Slurry 
 
C60(OH)12/DMSO Hybrid Slurry with 55 nm SiO2 
 
As we mentioned previously, the low-polyhydroxylated C60(OH)12 is not much 
water-soluble in a neutral water system; thus, the previous proceeding is to add strong 
alkaline materials, such as potassium hydroxide (KOH), to raise the hydroxyl strength 
of a solution to aid C60(OH)12 to form more hydrogen bonds with surrounding water 
molecules. Then, a brown and transparent C60(OH)12 solution is usually prepared by 12 
pH value. In the previous research [2.53, 2.54], et al. proposed this alkaline C60(OH)12 
hybrid SiO2-based slurry in the CMP process of sapphire (single-crystalline Al2O3) 
substrate. Also, they received the sign that C60(OH)12 acts as nanoparticles even for such 
a hard-to-process sapphire. We need to dissolve C60(OH)12 in a neutral solution with 
SiO2-based slurry for our investigating issue. So, we use dimethyl sulfoxide (DMSO) 
as a sub-solvent before adding it to water. About 1wt% DMSO of hybrid slurry is 
enough to conjoin C60(OH)12 and water molecules together, as shown in Figure 4-2-
3(b). Compared with the previous results of the C60/ -CDs hybrid slurry, the molar 
concentration of C60(OH)12 is fixed to 3.63  M (approx. 4.3wt%), equivalent to 
the total numbers of the complex molecules of 0.01wt% C60/ -CDs. In this case, we 
make sure both C60/ -CDs and C60(OH)12/DMSO hybrid solutions can remain the same 
molecular number of C60 or C60(OH)12.  
 
In Figure 4-3-11, the hybrid slurry with C60(OH)12/DMSO got a distinct increase 
against each polishing of a single 55 nm SiO2 slurry with the same condition of the 
polishing pad. The overall increase in 5 times polishing (up to 90.9%) demonstrates the 
C60(OH)12 can work with the smaller dispersing size than C60/ -CDs complex, disperse 
in the gaps of 55 nm SiO2 and crowd on the SiC surface. In this case, we can see a 
significant enhancement of MRR happened in the hybrid slurry, which is larger than 
the sum of individual C60(OH)12/DMSO slurry and SiO2 slurry. Besides, the descending 
rates of single 55 nm SiO2 slurry are fast than hybrid slurry, which might mean the 
emptied spaces of SiO2 are replaced by the C60(OH)12 nanoparticles to participate in the 
abrasion effect. In Figure 4-3-12, we can see the (DLS) size distribution of different 
C60(OH)12 solutions are polydisperse (PdI > 0.5), and their ranges are from tens to 
hundreds of nanometers. According to size, the magnitude of intensity (%), the toxicity 
of the co-solvent, and pH value, DMSO is superior co-solvent since it has a relatively 
lower biotoxicity than Dimethylformamide (MDF), and the narrow size distribution in 
each aggregate size, especially under 10 nm. Figure 4-3-13 shows that the average 
aggregate size of dried C60(OH)12 particles is about 23.9 nm under TEM. Because 
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C60(OH)12 is pre-dissolved in DMSO in advance before adding to water, the remained 
DMSO forces C60(OH)12 particles to aggregate as the neck-lace form, which the 
boundary of each aggregate is not clear. Besides, we didn’t see the crystalline patterns, 
which means C60(OH)12 molecules are dissolved by DMSO as an amorphous type. In 
the C60/ -CDs inclusion complex, it is likely to mix the nano-sheets of crystalline C60 
blending in the dough of C60/ -CDs and -CDs (refer to Figure 3-4-9) by mechanical 
milling process. In addition, the residual concentration of C60(OH)12/DMSO and hybrid 
55 nm SiO2-based slurry are recorded over the number of polishing in Figure 4-3-14. 
Both results show the residual concentration of slurry remains above 70% initial 
concentration after the 5th reuse, indicating that clogging is restrained on SUBATM600 
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C60(OH)12/DMSO Hybrid Slurry with Varied Concentration of 20 nm SiO2 
 
To take advantage of reducing size, in the next, we investigated the performance 
of C60(OH)12/DMSO hybrid slurry while reducing both characteristic size and solid 
concentration of colloidal SiO2 particles. The additive concentration of 20 nm SiO2 with 
the previous concentration of C60(OH)12/DMSO is 0.1 wt%, 1 wt%, and 10 wt%, 
respectively. Their MRRs in 5 times polishing are shown in Figure 4-3-15(a), (b), 
and (c), respectively. Firstly, we can see that the single 20 nm SiO2 slurry remains the 
abrasion performance without serious descending of MRR even in the 5th polishing. 
That means the smaller size of SiO2 particle overcome the physical constraint (clogging) 
of pad asperities. In terms of average MRR of 20 nm SiO2 in 5 times polishing, the 
polishing performance of the three solid concentrations in descending order are 1 wt%, 
0.1 wt%, and 10 wt%. Unsurprisingly, 10 wt% of SiO2 slurry behaved the lowest MRR 
since the considerable SiO2 nanoparticles decrease the COF of the interface of SiC 
surface and pad asperities as a lubricant which we have mentioned in Figure 4-3-5(c). 
The increased MRR when increasing the concentration of single SiO2 from 0.1 wt% to 
1 wt% reveals these numbers of SiO2 particle remains sliding not rolling which means 
the volume of SiC is removed proportionally to the amount of SiO2 particles by constant 
friction force from each SiO2 particle; whereas, for 10 wt% concentration of SiO2, the 
removal effect decays due to the weakening friction force of each rolling particle. 
However, this doesn’t be the worst choice to polishing with a 10 wt% SiO2 slurry after 
checking the performance in C60(OH)12/DMSO hybrid slurry. We can see there is no 
descending in (c) 10 wt% SiO2 of hybrid slurry; on the contrary, (a)(b) the two low-
concentration of hybrid SiO2 slurries decay obviously in the first 3~4 steps of polishing 
though they have very high MRR. It might indicate that the hybrid particles are left in 
the pad asperities by the interaction of co-polishing since their average hybrid size of 
aggregates (SiO2 + C60(OH)12 particles) are larger than a single 20 nm SiO2. The high 
concentration SiO2 slurry plays a role in diluting the solid concentration of C60(OH)12 
and reduce the size effect to avoid clogging. That caused the hybrid 10 wt% SiO2 slurry 
to exhibit a steady MRR during each polishing time, a comparable enhancement (73.3%) 
as the hybrid slurry with 0.1 wt% SiO2 (94.7%). As for why C60(OH)12 hybrid slurry in 
0.1 wt% 20 nm SiO2 has such a noticeable enhancement and decay, we assume that if 
SiO2 concentration is relatively low, the SiO2 particles might be tangled by aggregates 
of C60(OH)12/DMSO and clogging in the pad asperities. In the prior polishing, it might 
behave an appropriate number ratio of C60(OH)12/DMSO aggregates to SiO2 particles 
in such an abrasion mechanism of mechano-chemical reaction; nevertheless, this 
balance lasts shortly since the concentration of the particles, either C60(OH)12/DMSO 
aggregates or SiO2, still be consumed by clogging in the pad. Thus, we believe that it 
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is a good thing that C60(OH)12/DMSO hybrid slurry co-polishes with 10 wt% 20 nm 
SiO2 even though it exhibits a lower MRR. We prefer to see a steady performance on 
an advanced process; indeed, an expectable and controllable process is necessary for 
further investigation. Such a high concentration of primary SiO2 abrasive with 
C60(OH)12 auxiliary abrasive has potential for investigating the optimal composition in 
aspects of chemical agents, pH value, etc. 
 
As for surface profiles under AFM, the result shows that the overall roughness 
increased while C60(OH)12/DMSO mixed with 55 nm SiO2 particles. The , , and 
 are increased from 1.85 nm to 3.05nm, 7.97 nm to 31.99 nm, and 1.35 nm to 3.99 
nm, respectively. As Figure 4-3-16(a), the surface profile behaves as dunes, without 
any apparent pitting hole. Since re-dissolved in DMSO, C60(OH)12 disperse with water 
molecules and abrade the SiC surface by pad asperities. This specific topography is 
produced while the wavelike squeezed asperities carry the sufficient C60(OH)12 
nanoparticles and pass through the contact area. Figure 4-3-16(b) shows the tiny 
abrasion traces caused by C60(OH)12 nanoparticles. Each depth and width are about 0.6 
nm and 40 nm, respectively. According to the deep, we estimate half of the diameter of 
C60(OH)12 participating in abrasion. For the ac. 40 nm of width may be consistent with 
the aggregating size measured by TEM while a (ac. 24 nm in dia.) C60(OH)12/DMSO 
aggregating sphere is, consequently, stretched as a monolayer during CMP. As for a 
question of why C60(OH)12 leaves such clear and special abrasion textures on such hard 
material—SiC, except for as the molecular-scale abrasive, another dependable 
approach might result by oxidation of C60(OH)12 since Takaya [2.51, 2.52] et al. has 
proposed that neutral fullerenol solutions behave a slight oxidability which ORP values 
are higher than water. This ability and mechanical force are likely to form a soft 
Si Cy transition layer on the SiC surface during CMP [2.24, 2.26]. For Figure 4-
3-17(a), the SiC surface is polished by C60(OH)12/DMSO hybrid (55 nm) SiO2 slurry; 
however, instead of an increase of average roughness, its surface is full of depression 
and pitting holes which behaves as Figure 4-3-7 by single 55 nm SiO2 slurry. The dot-
plot (b) indicates that the depths of these pitting holes range in 1~10 nm, and the widths 
range in 50~150 nm (even more than 200 nm). 
 
Figure 4-3-18 recodes the particle size (DLS) of slurry after each step of polishing. 
The sizes of C60(OH)12/DMSO hybrid abrasive, as shown in (a), are about 1.2 to 1.4 nm 
larger than single SiO2 particles after each step of polishing. The extremely low PdI 
shows C60(OH)12/DMSO nanoparticles didn’t disturb the innate monodisperse of 10 
wt% 55 nm SiO2 particles; whereas, they might attach to SiO2 surface or be crushed in 
the SiO2 aggregates and polished. On the contrary, the size of C60/ -CDs hybrid SiO2-
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based slurry (b) diminished after 1st polishing but increased slowly again after the 2nd 
and 3rd polishing. This hybrid slurry works on both performances, which are the 
increasing MRR and the elimination of depression/pitting holes, since C60/ -CDs 
inclusion complexes seem to remain more abrasive characters and varied sizes than 
C60(OH)12/DMSO nanoparticles to break up the innate distribution of SiO2 aggregate 
during CMP. As shown in the right figure of (b), a small piece of C60/ -CDs inclusion 
complexes cohere to a bigger SiO2 particle and cause a different hydrodynamic motion 
from those SiO2 particles which are not covered with C60/ -CDs complexes. As to the 
influence of SiO2 size and concentration on a C60(OH)12/DMSO hybrid abrasive slurry, 
some indications appear in the results of Figures 4-3-19 and Figure 4-3-20. The 
performance of MRR (see as Figure 4-3-15) is consistent with the residual 
concentration of C60(OH)12/DMSO nanoparticles. In Figure 4-3-19(a), we can see the 
Z-average size of hybrid abrasive increased in such a low concentration (0.1wt% 20 nm 
SiO2) slurry since the sizes of Z (both SiO2 and hybrid) increased to around 70~80 nm. 
The nanoparticles will lose their stability of dispersity when undergoing a drastic 
change of environmental conditions, like concentration. The innate stock concentration 
of 20 nm colloidal SiO2 is 40 wt%, but for our polishing experiment, we diluted it to 
0.1 wt%. This change decreased the number of SiO2 particles and altered the 
composition of the electric-double-layer (EDL) of SiO2, which reduces the thickness of 
EDL and the absolute value of zeta potential. Then, they couldn’t induce enough 
repulsive force to remain the mono-dispersion, and they attract together during 
mechanical polishing. As to C60(OH)12/DMSO hybrid slurry with 0.1wt% SiO2, the 
relatively few numbers of SiO2 are regarded as nuclei of C60(OH)12/DMSO aggregates. 
As the case stands, although the aggregate size and high friction (refer to Figure 4-3-
5) led to high MRR, the performances of reused abrasive strictly decay and 
unpredictable. Once we increase the concentration of SiO2 as (b)1.0 wt% and (c)10 
wt%, the changes of size and PdI turn milder because the predominance of particle 
number and abrasion effect is shifting to SiO2 particles. The regularly increasing size 
in each polishing step reflects the abrasive particle cohering with the materials from the 
SiC surface during abrasion. Besides, the increasing size and low PdI show that 10 wt% 
20 nm SiO2 abrasive acts as primary abrasive and is assisted by C60(OH)12/DMSO 
according to a non-decay MRR in Figure 4-3-15(c). 
 
In addition, we try to comprehend the correlation of abrasive size, concentration, 
and performance (MRR) from the residual concentration of these reused slurry. Figure 
4-3-20(a) collects the residual concentration of individual 10 wt% SiO2 and their 
C60(OH)12/DMSO hybrid slurry. The standardized initial concentration is set by 1. 
When the standardized values below 1, it means abrasive is consumed by abrasion or 
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clogging on the polishing pad; whereas, when it is higher than 1, it could be due to the 
limitation of detectable accuracy UV-visible light spectrometer or some interaction of 
hybrid abrasive. In the beginning, all the standardized values behave descending against 
their previous value. The cause of descending value is regarded as the clogging problem, 
as mentioned in Chapter 3. By fitting these standardized values, the coefficient of 
descending degree is described as the slope of this linear equation. In the single abrasive 
slurries, the order of descending degree is 55 nm SiO2 > C60(OH)12/DMSO particles (ac. 
24 nm) > 20 nm SiO2 since it is in accordance with the particles size. The larger particle 
size is, the more particles clogged in pad asperities. The residual concentration of 
C60(OH)12/DMSO hybrid slurries decreased more quickly, especially for the hybrid 
55nm SiO2 slurry. In terms of the clogging problem, it reduces the abrasive 
concentration for every reused slurry. On the other hand, those particles attaching to 
the asperity surface provide a long time to polish with the wafer surface. Referring 
to Figure 4-3-20(b), the low SiO2 concentration (0.1 wt%) with a fixed concentration 
of C60(OH)12/DMSO particle is the case that behaves with high MRR. Still, its slope of 
residual concentration is the largest against the other two concentrations, 1 wt%, and 
10 wt%. This indication verifies our previous aspect of severe aggregation of 
C60(OH)12/DMSO with a relatively low concentration of SiO2 in Figure 3-4-19. 
 
Finally, it seems that such as the SUBATM600, soft polishing pad has a strong 
ability to hold slurry (abrasives) in the asperities for abrasion, either colloidal SiO2 or 
C60(OH)12/DMSO hybrid abrasive. However, at the same time, we found that these 
asperities accommodating with sufficient slurry(abrasives) could be a potential threat 
to the polished surface, such as depressions observed in the previous AFM results. The 
following section will mention the generation of these depression profiles caused by 
colloidal SiO2 particles on the SiC surface while using a SUBATM600 polishing pad. 
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Figure 4-3-11. MRR of C60(OH)12/DMSO hybrid SiO2-based slurry with ERS mode 
CMP. Each slurry is repeatedly used until 5 times. The table below shows each MRR 
of treatments and the descending percentages against using the fresh slurry. 
 
MRR (nm/hr) 1st 2nd 3rd 4th 5th
C60(OH)12/DMSO 20.5 21.4 19.1 11.3 15.1
55 nm SiO2 253.0 190.6 186.2 158.6 165.9
Hybrid 368.0 386.4 366.3 354.5 341.2
90.9%
Decrease (%) 
against 1st (fresh slurry) 1
st 2nd 3rd 4th 5th
C60(OH)12/DMSO - -4.3 6.8 44.8 26.3
55 nm SiO2 - 24.7 26.4 37.3 34.4
Hybrid - -5.0 0.5 3.7 7.3
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Figure 4-3-12. (DLS) Size distribution of (blue) C60(OH)12/KOH(aq), (green) 
C60(OH)12/DMF(aq), and (red) C60(OH)12/DMSO(aq). Except for C60(OH)12/KOH(aq) is pH 
12, the other two solutions behave neutral. The value in the bracket represents the 
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Figure 4-3-13. TEM images of C60(OH)12/DMSO under (a) 52,000 , (b)150,000 , and 
(c) 740,000  magnification. The bar graph (d) is ploted by the number of particle size 



























Frequency distribution of particle size (nm)
13.8        19.0         24.1       29.3.       34.5         39.7        44.9        50.0        55.2    
Average Deviation Maxi. Mini. Range
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Figure 4-3-14. Residual concentration of C60(OH)12/DMSO and the hybrid 55 nm SiO2-
based slurry over reused time of polishing. The value in the bracket represents the 
decrease against the previous standardized concentration. 
 
1.00          0.95            0.91           0.86           0.86           0.82
(0.05)         (0.04)        (0.05)         (0.00)        (0.04)
1.00          0.92            0.87           0.84           0.81           0.72
(0.08)         (0.05)        (0.03)         (0.02)        (0.09)
C60(OH)12
Hybrid
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Figure 4-3-15(a). MRR of C60(OH)12/DMSO hybrid slurry with 0.1 wt% 20 nm SiO2 
particles. The table below shows each MRR of treatments and the descending 
percentages against using the fresh slurry. 
 
MRR (nm/hr) 1st 2nd 3rd 4th 5th
0.1 wt% SiO2 226.4 249.2 249.2 232.0 219.2
Hybrid 597.1 499.7 415.6 392.4 388.1
Decrease (%) 
against 1st (fresh slurry) 1
st 2nd 3rd 4th 5th
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Figure 4-3-15(b). MRR of C60(OH)12/DMSO hybrid slurry with 1 wt% 20 nm SiO2 
particles. 
 
MRR (nm/hr) 1st 2nd 3rd 4th 5th
1 wt% SiO2 300.6 285.8 380.7 290.7 339.6
Hybrid 517.8 475.5 421.1 379.0 376.1
Decreas (%) 
against 1st (fresh slurry) 1
st 2nd 3rd 4th 5th
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Figure 4-3-15(c). MRR of C60(OH)12/DMSO hybrid slurry with 10 wt% 20 nm SiO2 
particles. 
 
MRR (nm/hr) 1st 2nd 3rd 4th 5th
10 wt% SiO2 155.2 135.1 141.7 151.4 150.5
Hybrid 236.3 221.7 247.5 269.6 296.9
Decreas (%) 
against 1st (fresh slurry) 1
st 2nd 3rd 4th 5th
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Figure 4-3-18. Schematic diagrams of (a) C60(OH)12/DMSO hybrid (with 10wt% 55 
nm SiO2) abrasive and (b) C60/ -CDs inclusion complex hybrid (with 10wt% 55 nm 
SiO2) abrasive. The DLS size in each step of polishing are measured by DLS and 











on a SiO2 particle
SiO2 and C60/ -CDs aggregate 
(a) C60(OH)12/DMSO hybrid SiO2-based slurry 
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Figure 4-3-19. Hydrodynamic sizes (by DLS) of the different concentration of reused 
20 nm SiO2, (a) 0.1 wt%, (b) 1.0 wt%, (c) 10 wt%, and their C60(OH)12/DMSO hybrid 
abrasives in each step of polishing. 
 
Before              1st 2nd 3rd 4th 5th
Before          1st 2nd 3rd 4th 5th
Before           1st 2nd 3rd 4th 5th
(a) with 0.1wt% 20nm SiO2
(b) with 1.0wt% 20nm SiO2
(c) with 10wt% 20nm SiO2
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Figure 4-3-20. Standardized concentration and descending rate (slope) of single SiO2 
abrasive and C60(OH)12/DMSO hybrid abrasive in 5 steps of continuous polishing. (a) 
10 wt% of 20 nm and 55 nm SiO2 and their C60(OH)12/DMSO hybrid abrasive. (b) 0.1 
wt%, 1.0 wt%, 10 wt% of 20 nm SiO2 and also their C60(OH)12/DMSO hybrid abrasive, 
respectively. 
Before                   1st 2nd 3rd 4th 5th Before                   1st 2nd 3rd 4th 5th
(a) 10wt% SiO2 and hybrid abrasive (b) 20nm SiO2 (0.1wt%, 1wt%, and 10wt%) and hybrid abrasive
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4.3.3 Overall Surface of Polished SiC 
 
In the previous measurements, we have seen the local topography of polished SiC 
surface by AFM, but AFM doesn’t explore those characteristic properties of overall 
appearance. For example, some size scale of depressions or abrasion marks are more 
extensive than scanning limitation (e.g., over 30 m in width). In terms of observation 
sight, the conventional optical microscopes and laser scanning interferometers 
characterize the broad patterns and abrasion textures more easily. Here we used a 
reflective optical microscope under dark-field since the slight texture or abrasion marks 
are hard to be observed on a slightly transparent substrate of SiC. In the dark-field mode, 
the reflected lights from the normal plane are restrained, but objectives collect those 
reflected from other planes. In this case, we can have a comprehensive grasp of the 
whole topography of a polished SiC surface.  
 
Before further discussion, let us review some descriptions of the typical contact 
mode during CMP. As showing in Figure 4-3-21, the two typical contact modes have 
been proposed and used to date. J. Luo [1] indicated that when a low down-pressure 
applied on a wafer that rotates with a relatively large velocity, there will be a thin 
(micro-scale) fluid film [2] of slurry formed between wafer and pad as Figure 4-3-
21(a). Because most of the abrasives applied in CMP are in nano-scale which are much 
smaller than the thickness of this slurry film, the most of abrasive floating in this film 
are inactive to material removal. And a considerable material removal is due to three-
body abrasion wear (abrasive is rolling) by some floating abrasives and chemical 
corrosion of chemical agents in the slurry. The second one is solid-solid contact mode 
(see as Figure 4-3-21(b)). On the contrary, when pressure is enormous, and relative 
velocity is small, three-body and two-body abrasive wear occur, making the abrasives 
embedded in pad asperity slide against the wafer surface without rotation.  
 
Besides, the solid-solid contact model can predict how many particles engaged in 
abrasion than by hydro-dynamical contact mode, which involves the complex 
mechanics and dynamics associated with the particle motions and slurry flows. 
Compared with three-body abrasive wear, two-body motion is regarded as the most 
effective way of material removals. However, due to the abrasive size is far smaller 
than the scale of pad roughness, the material removal of three-body abrasive wear is 
negligible compared to the two-body abrasive wear happening in the wafer-pad contact 
area. Additionally, in the solid-solid contact mode, two contact situations are involved; 
one is in direct contact of wafer-abrasive-pad, and the other is direct contact of wafer-
pad since the large deformation of pad asperity. In our experimental slurry, there are 
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merely abrasive (e.g., colloidal SiO2, C60/ -CDs, and C60(OH)12) and some co-solvent 
(such as DMSO) in our slurry. So, all the abrasive slurries in this study are assumed as 
mechanical abrasion, which means there is no chemical reaction, such as oxidation, 
chelation, or chemical erosion. The abrasive here characters a medium to remove the 
materials from the target surface in the abovementioned modes. Based on the above 
knowledge and concepts of abrasive wear in CMP, we will explain the appearance of 
abrasion patterns (textures) after our CMP experiments. 
 
Figure 4-3-22 demonstrates the diversity of abrasion textures(patterns) by various 
abrasives on varied semiconductor materials. These straight scratches on the copper 
blanket wafer are caused by two-body abrasive wear in solid-solid contact mode. The 
SiO2 abrasive seems to leave pitting holes on the other harder materials and even curvy 
scars with comet-like tail on SiC substrate, as Figure 4-3-22(a). When we increased 
the slurry rate, these depressions consist of tiny pitting holes, enlarged scale, and 
curvature, as Figure 4-3-22(b). About the generation of these specific textures on the 
SiC surface, we try to explain from the contact mode of CMP. Figure 4-3-
23 schematically supposes the situation of abrasives in such micron spaces between 
wafer and pad based on the previous concept. Above the deformed pad asperities, there 
are two regions, pores and contact planes. The asperity roughness leads to a hybrid 
contact mode at the interface between wafer and pad, as Figure 4-3-24. Comparing 
with the exterior fluid in pores, the fluid in the hydro-dynamical contact region 
undergoes relatively large shearing force, which is caused by the relative motion of the 
wafer and asperities. Such a high shearing force reacting in this narrow space results in 
turbulence flow; additionally, the friction of fluids increases the local temperature to 
decrease viscosity. Then, with the above effects, the probability of collision between 
the abrasives increases, and even the repulsion force which disperses each abrasive not 
to cohere together is weakened. In our opinion, the colloidal SiO2 abrasive occurs the 
aggregation in this hydrodynamic film of contact plane of Figure 4-3-23. Because of 
this hybrid contact mode, the curvy depression is formed like Figure 4-3-25(a). When 
the abrasives enter the narrow space above the contact plane, they aggregate since the 
flow rate-UA speeds up and occurs a series of alternation of fluid behaviors, such as 
density, viscosity, and flow type. Step-1 to Step-4, which belong to the proceeding of 
motion-A, depict a dough-like of abrasive aggregate experiences a series of solid-solid 
contact abrasion from the hydro-dynamical contact. 
 
After the deformation of asperity reaches the maximum, the excess of downforce 
starts to chisel the wafer by two-body abrasion wear. The abrasives leave a depression 
on the surface. Afterward, the back force (from asperity) weakens while the depression 
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forms, the deformation descends, and the aggregating shape collapses. Then, the 
abrasion mode of these loose abrasives turns to three-body abrasive wear, as shown 
from Step-5 to Step-8. Because the chiseling by the two-body wear of abrasive 
aggregates is vigorous initially, the slope at the entrance edge appears steeper than the 
left-off edge, which is polished by three-body wear of loose abrasives as Figure 4-3-
25(b). Besides, the curvature is shown in Figure 4-3-25(c) is attributed to the rotary 
motions of the polishing pad and wafer carrier. As increasing the slurry rate (abrasive 
amount), the tail of depression is extended, and the curvature develops. 
 
After figuring out the generation of these curvy depressions, let us look back 
to Figure 4-3-22(c) and (d), which are polished by single C60/ -CDs and hybrid SiO2 
slurry, respectively. The depressions by single C60/ -CDs slurry behave dense and 
circular, which reveal C60/ -CDs complex abrasive has more affinity of adhesion with 
SiC wafer because the C60/ -CDs has more lasting time on SiC surface during CMP. 
And with the aid of hybrid SiO2 abrasive, the depressions disappear. The bright, tiny 
spots are recognized as the indenting abrasives, not scars, and it will be one of the 
targets for improvement in future research. On the other hand, Figure 4-3-
22(e) and (f) are polished by single C60(OH)12/DMSO and hybrid SiO2 slurry, 
respectively. The difference seems that single C60(OH)12/DMSO abrasives attach to pad 
surface first and then be compressed to SiC surface. The slit-like protrusions align in 
the same direction, which we have shown in Figure 4-3-16, following the contact 
planes of squeezed asperities with shearing force. However, the abrasion behavior of 
single C60(OH)12 is very weak since it is regarded as a chemical agent not for traditional 
abrasives in some aspects due to its small size (~1 nm) and modified surface (hydroxyl 
group, –OH). Therefore, its high affinity leads it to adsorb with material surface first 
(e.g., the surface of asperity, wafer, and SiO2 abrasive); thus, Figure 4-3-22(f) shows 
the more dense, huge, and curvy depressions occurred by C60(OH)12/DMSO hybrid 
SiO2-based slurry. Whereas, for the C60/ -CDs hybrid SiO2-based slurry, both SiO2 and 
C60/ -CDs particles act as traditional solid abrasives. In addition, the C60/ -CDs 
inclusion complex seems to interfere with the initial distribution of colloidal SiO2 
particles so that no apparent curvy depression is induced. Even we reduced SiO2 size to 
20 nm, and Figure 4-3-26 still shows there are dense, curvy depressions since 
C60(OH)12/DMSO has great adhesion on both wafer surface and colloidal SiO2. To 
improve the depressions, we tried to choose a stiff polishing pad to reduce the diversity 
of contact mode. IC1000 pad which is more rigid than SUBA pad and distributes with 
tiny individual pores is used. Because IC1000 pad provides relatively even back-force 
for each abrasive due to the low deformation, the diversity of local removals rarely 
occurs. Figure 4-3-27(a) exhibits the detailed structures, individual pores, and 
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corrugated ribs over the plane. These protruded ribs provide the solid-solid contact 
areas for abrasives, and the valleys behave the hydro-dynamical contact while a wafer 
compresses the pad. Due to high stiffness, the embedded depth of IC1000 is shallower 
than that of SUBATM600. The abrasives stretch out and act rather in three-body wear 
than two-body wear. According to the fewer solid-solid contact regions, the 
performance of IC1000 pad on MRR is much lower than that of SUBA pad while there 
is only mechanical polishing happening. Although the curvy depressions disappeared, 
more scratches occurred since the peeling scraps of SiC were embedded in the pad to 
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Figure 4-3-21. Two contact modes of CMP, (a) hydro-dynamical contact mode and 
(b) solid-solid contact mode. [1]  
 
(a) Hydro-dynamical contact mode
(b) Solid-solid contact mode
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Figure 4-3-22. These images are captured by optical microscope under dark-field mode. 
All specimens are polished with same parameters and SUBATM600 pad. On the left side, 
there are 4 kinds of wafer surface, Cu blanket, SiO2(film), Si, and sapphire substrate 
which are all polished with 10wt% of 55 nm SiO2 slurry. On the right hand, they are 
SiC substrate polished by 10wt% SiO2 slurry with (a) 10 ml/min of feeding rate, and 
(b) sinking in plenty slurry respectively. (c) is done by single C60/ -CDs slurry, and (d) 
is by C60/ -CDs hybrid SiO2 slurry. In addition, (e) is polished by C60(OH)12/DMSO 
slurry, and (f) is treated with C60(OH)12/DMSO hybrid SiO2 slurry. 
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Figure 4-3-23. Schematic diagram of aggregating abrasives occurred in the hydro-
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Figure 4-3-24. A hybrid contact mode of wafer and asperity on a contact plane of pad. 
Except for the solid-solid contact areas, there are also many discrete slurry films 
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Figure 4-3-25. Schematic diagrams of (a) the generation of a depression by aggregating 
abrasives during hybrid contact mode during CMP. Motion-A means that the contact 
mode of abrasive starts to shift from hydro-dynamical contact mode to solid-solid 
contact mode; whereas, motion-B is opposite of that. And UA and UB are represented 
the flow rates of the two motions, respectively. (b) shows the similarity between 
hypothesis and AFM results. Besides, (c) reveals that these curvy depressions have 
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Figure 4-3-26. Dark-field images of SiC surface which are polished by (a)10 wt% 20 
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Figure 4-3-27. Schematic diagrams of (a) the surface and fine profile of IC1000 pad. 
(b) demonstrates the abrasion behavior of particles under the solid-solid contact mode. 





























(c) Surface profile of SiC wafer after CMP (10 wt% 55nm SiO2)
(a) Surface of IC1000 pad and fine profile  
(b) Abrasion motion
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In chapter 4, the batch-reused slurry system is used to analyze the performance of 
C60/ -CDs and C60(OH)12/DMSO particles with commercial SiO2-based slurry in terms 
of reusing abrasive. For C60/ -CDs hybrid abrasive, although there was an increase of 
MRR compared to single SiO2 slurry at the first polishing, the descending enhancement 
happened since the C60/ -CDs particles clogged in the pores of SUBATM600 polishing 
pad. By inspecting the UV-visible absorbance of the collected slurry, we can realize the 
concentration of C60/ -CDs has a significant drop after each batch of polishing. Hence, 
we tried to replace C60/ -CDs with C60(OH)12/DMSO, which behaves as neutral as the 
prior one but is more water-soluble and smaller. The MRR significantly increased since 
C60/ -CDs had been replaced with C60(OH)12/DMSO, and the clogging problem on the 
pad had been restrained. Besides, the size and concentration of the primary SiO2 
influence the performance of MRR in the C60(OH)12/DMSO hybrid slurry. From the 
surface inspection techniques, like AFM and traditional optical microscopy, the varied 
profiles of the polished SiC wafer have been observed, and a series of abrasion models 
are proposed in the final. Despite the MRR performance of C60(OH)12/DMSO hybrid 
slurry is higher than that of C60/ -CDs hybrid slurry; however, the quality of the 
finished surface is better than with C60(OH)12/DMSO hybrid slurry. At last, we found 
that these specific depressions are associated with pad thickness, size, and adhesivity 
of abrasive, and relative motions between wafer and asperity. Through changing the 
polishing pad, such as stiffer but less deformable IC1000, the type of depression is 
altered.
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Chapter 5. Alkaline Fullerenol Cleaning Solution for Cooper Metallization Process 
In the previous chapters, we have described that the derivatives of fullerene act as 
fine nanoparticles to polish SiC substrate with conventional colloidal silica abrasives. 
The phenomenon of mechanical polishing with a slight indication of mechano-chemical 
reaction was observed while SiC was polishing with the slurries containing fullerene or 
fullerenol nanoparticles. Chapter 5 developed a novel application for fullerenol 
solution as a cleaning solution after finishing a copper CMP process. Its main is to 
remove any residual contamination resulting in delamination, corrosion, and short 
circuit defects. One of the most hazardous contaminations is the residual benzotriazole 
(BTA) or its derivatives that BTA is an effective inhibitor used in metal corrosion 
prevention. Of course, BTA is diffusely added in the slurry of copper CMP to reduce 
the undesirable corrosion happening on the copper circuit. During the Cu-CMP process, 
this thin passivation layer of the BTA-Cu complex serves as a defender against the 
attack from corrosive and abrasives to prevent dishing, isotropic corrosion, and any 
grievous scratches finished copper circuits. 
 
However, residual BTAs are laborious to expel completely from the copper 
surface unless being stripped by mechanical abrasion or strong reduction agents. 
Conventionally, a series of cleaning procedures consists of PVA brushing with specific 
cleaning solutions for different orientations towards contaminations are inserted 
between each Cu CMP process. Such as mentioned in Chapter 2, chelating agents or 
rapid superficial-etching have been studied. Takaya et al. [1, 2.51, 2.52] proposed 
fullerenol as functional molecular abrasive grains added in the copper CMP process. 
They claimed a monolayer layer of fullerenol attaching on the copper surface to 
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participate in the CMP process. Except previously mentioned enhancing effect of 
mechanical abrasion, these researches revealed that fullerenol has an affinity with 
copper to form a thin complex layer of Cu(II)-fullerenol, which acts as a hydrophilic 
window accepting the chemical materials from external solution shown as Figure 5-1-
1(a). Besides the XPS analysis, Figure 5-1-1(b) shows a side peak near 1s orbital of 
carbon representing the C–O bond existing in fullerenol. Due to that, this slurry system 
is with BTA-fullerenol-peroxide reaction, both Cu(II)-BTA and Cu(II)-fullerenol 
complexes form simultaneously that the B.E. of 1s orbital of nitrogen indicates a 
relatively lower intensity of BTA than the surface without the addition of fullerenol. 
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The study has been concerned with a reverse situation that if fullerenol molecules 
come after the formation of Cu(II)-BTA on the surface. Figure 5-1-2(a) illustrates the 
schematic diagram of hydrophilic “tunnels” formed by absorbed fullerenol on the Cu 
surface. This tunnel-like path increases the chemical concentration under the Cu(II)-
BTA layer because the chemicals skip over the passivation layer reaching the bare Cu. 
Then, the polishing efficiency and surface roughness are improved. For an arresting 
thought, is it possible to insert fullerenol molecules into the slit of absorbing layers of 
Cu-BTA complex to provide a path for cleaning solution chemicals repelling the 
stubborn BTA from the substrate? In Figure 5-1-3, Cho et al. [2] applied the EIS 
measurement for Cu specimens with immersion conditions of acidic (pH 3), neutral 
(pH 7), and alkaline (pH 11) BTA solutions. The polarization resistance revealed the 
low adsorption efficiency of BTA on Cu surface in alkaline conditions. From the 
Burbaix diagram of the Cu-BTAH (0.001M)-water system, the Cu-BTA complex 
exhibits to be stable in a narrow potential region and between pH 3 to 9. Still, the surface 
configuration of copper in the rest of the alkaline region is dominated by copper oxides, 
shown in Figure 5-1-4(a). And above Cu-BTA stability region expands with the 
increase of BTA concentration (approximately saturated concentration 20 
mg/L). Figure 5-1-4(b) shows static etching rate in different pH values of H2O2-citric 
acid-BTA slurry to simulate copper configuration of copper during the CMP process.  
 
Lu et al. [4] found that the Cu-BTA films inhibited the chemical corrosion in pH 
ranges of 4.4 to 8 but deteriorated below pH 4 since the molecular configurations of 
Cu-BTA were altering to a decrease of adhesive force over immersion-time. Besides, 
the Cu oxide plays a significant role in forming the BTA complex. The acidic media 
makes the ionic diffusion easier through the oxide and Cu-BTA complex [5,6]. Also, 
some literature proposed alkaline cleaning solutions, preventing particles from 
attaching to copper surface again and providing a low corrosion environment for BTA 
chelating agent detaching complex layers. Therefore, this chapter aims at the study of 
alkaline fullerenol solution in the cleaning process of post-Cu-CMP. The contact angle 
(wettability) measurement has been conducted to detect the residual level of BTA on 
the copper blanket wafer surface. An X-ray photoelectron spectroscopy (XPS) is 
introduced in our observation, too. We will present the details about the preparation of 
alkaline fullerenol solution, cleaning procedures, and the results in the next section. 















Chapter 5. Alkaline Fullerenol Cleaning Solution for Cooper Metallization Process 
Chapter 5. Alkaline Fullerenol Cleaning Solution for Cooper Metallization Process 
Cu-BTA complex is very thin, transparent, and invisible on the copper surface. It 
is hardly detected by visual check or optical microscope at low magnification, which 
means it can only display its appearance by scanning electron microscope (SEM) at 
high magnification. For high demands on the preparation of SEM specimens, such as 
surface cleanliness, re-oxidation, samples inevitably need to be insulated from the 
oxygen or any corrosive environments, especially for copper. Besides, the sampling 
time is also a problem that couldn’t provide a mass of measurements after our cleaning 
treatments immediately. Contact angle test is a kind of appropriate measurement, which 
is rapid and with low demands of hardware and specimen preparation, to analyze the 
surface configuration. 
 
Surface wettability is an essential indicator in the field of nanoscience material, 
through observing the contact angle ( ) of a droplet to quantify wettability of solid 
surface where liquid-vapor interface meets a solid surface. As depicted in Figure 5-2-
1, the droplet shape is determined with an equilibrium contact angle ( ) by the Young-
Dupre equation [7]. 
Figure 5-2-2 defines the levels of surface wettability with varied ranges of contact 
angle. Suppose the intermolecular force of liquid is larger than the interfacial force of 
solid/liquid interface, the boundaries of interface shrinkages to form a larger contact 
angle. In contrast, the interfacial area is increased with a slight angle, while the solid-
liquid interfacial force is much larger than the intermolecular force of the liquid. Except 
for affinity between solid and liquid molecules, some physical conditions, such as 
coating layers and microstructures, also influence the wettability. BTA molecule relies 
on its heterocyclic ring of nitrogen to chelate with copper oxide and expose benzene 
ring outward. Comparing with pure copper, or copper oxide/hydroxide, this Cu-BTA 
complex exhibits more hydrophobic due to less polarity of the benzene ring. Besides, 
the schematic (refer to Figure 5-2-3) of the contact angle measurement system is 
flexible and straightforward in that it includes an XY-stage for placing samples, a 
syringe for putting droplets to sample surface, an image capturing system with camera 
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and illumination, and a controller for sampling and detection. It is operated in the air 
with a constant temperature and humidity. According to that, the contact angle test has 
been proposed in many kinds of literature to detect residual inhibitors on the metal 
surface. In this Chapter 5, we used contact angle to inspect the residual level of BTA 
on the copper blanket wafers. 


































Chapter 5. Alkaline Fullerenol Cleaning Solution for Cooper Metallization Process 
Although the contact angle test provides a rapid and flexible measurement for 
detecting residual BTA layer on the copper surface, in some cases, it might lack 
recognizability to display the slight difference of residual concentration on copper. 
In Figure 5-2-4, Cho [8] et al. mentioned an issue when they dipped copper in varied-
pH BTA solution, even it is known that the Cu-BTA layer forming in alkaline solution 
is weaker, thinner than in neutral. To compensate for the recognizability, they applied 
electrochemical impedance spectroscopy (EIS) to verify their points. For our study, the 
second technique used to inspect for residual conditions before and after our cleaning 
process is X-ray photoelectronic spectroscopy (XPS). 
 
X-ray photoelectron spectroscopy (XPS), or electron Spectroscopy for chemical 
analysis (ESCA), is well known as a surface-sensitive quantitative technique for 
analyzing the compositional and chemical state of the extreme surface. Shown 
as Figure 5-2-5, XPS measurement is initiated by detecting the photoelectrons emitted 
by a monoenergetic soft X-ray, Mg-(1253.6 eV) or Al-(1486.6 eV), from the sample 
surface (<10 atoms), and calculating in the energy analyzer where these emitted 
electrons are converted to a plot with the electron binding energy (B.E.) and counts by 
the principle of photoelectric effect proposed by H.R. Hertz [9,10] in 1887, which A. 
Einstein later explained in 1905(Nobel Prize in Physics 1921). When a photon impinges 
on the sample surface, its energy is absorbed by the electric cloud of the atom. If this 
energy is high enough, the inherent photon of the surface in low energy orbital will be 
ionized and ejected, as Figure 5-2-6. According to Einstein’s photoelectric equation 
(refer to Eq.5.2.2), the electron binding energy is determined by the energy of the 
incident photon and the kinetic energy of the ejected photon, where is the minimum 
binding energy of an ejected photon, is the energy of the incident photon, and is the 
maximum kinetic energy of the ejected photon. 
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5.3 Experiment 
 
The copper specimens are sliced from a 12-inch copper blanket wafer which the 
copper film thickness is around 1,500 nm to 1,600 nm. Test grade of anhydrous citric 
acid (98%, Wako Pure Chem.), and potassium hydroxide, KOH (99%, Wako Pure 
Chem.) is used for removing inherent copper oxide (pickling), and solution media of 
fullerenol, respectively. Test grade of Benzotriazole, BTA, (98%, Wako Pure Chem.) 
is as copper inhibitor coating after pickling process. The low-degree polyhydroxylated 
fullerenol, C60(OH)n (n=6~12, Frontier Carbon Co.), is used as an additive in 0.5M 
KOH solution with a pH of around 13~14. Figure 5-3-1 depicts the cleaning process 





Figure 5-3-1. Procedure of residual BTA cleaning process for copper blanket wafer 
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5.3.1 Preceding operation: Pickling and Coating of BTA Film 
 
Due to the diversity of surface configuration of the received copper specimens, 
standardization is essential to eliminate the individual difference. Before cleaning the 
experiments, the pickling process is used as a standardization process to remove the 
inherent oxide layer. Of course, all specimens had been rinsed in 99.5% alcohol to expel 
any grease or organic pollution before pickling. Citrate acid is an organic acid that 
works perfectly well for cleaning copper vessels. It is not acid as strong as sulfuric acid 
or nitric acid, but all the more reason, it works perfectly for getting rid of the copper 
oxides. The 0.5M citric acid solution is chosen as the etchant with ultrasonication to 
dissolve oxides from the copper surface and expose the pure surface. The 0.5M citric 
acid solution exhibits a low enough pH, referring to the Pourbaix plot, as Figure 5-3-
2, preventing oxide growth during pickling. Besides, the pickling process is placed in 
an ultrasonication tank that the ultrasonic waves generate cavitation (Figure 5-3-3) near 
the copper surface in liquids. The ultrasonic waves with high intensity make a pressure 
gradient distributing near the sample surface and result in partial liquid vaporized to 
gas as in relatively lower pressure areas. And soon, these gases are constrained and 
compressed in a moment of relatively high pressure into micron bubbles. While bubbles 
move toward the low-pressure area of the near-surface, they expend their volumes to 
explode that this cavitation entrains enormous kinetic energy to impact the surface. The 
strength of the breaking bubble effect increases in proportion to the frequency and 
power of the ultrasonication tank. Ultrasonication makes the residual particles or 
insoluble oxides expel efficiently during pickling. 
 
After pickling, the specimens were left from the citric acid solution and rinsed 
with sufficient pure deionized water to wash remained etchant and adhesions. Before 
coating BTA film, the washed specimens stayed at the dry cabinet for complete 
desiccation after air draining. BTA is dissolved in pure deionized water with 
ultrasonication for homogenization. During coating BTA, a small piece of the specimen 
(5mm*10mm) is installed in a 1.5ml volume of disposable Eppendorf (microcentrifuge 
tube) and infused with 1 ml BTA solution for 120 seconds static immersion. And as 
same as after pickling, BTA coating specimens were taken out, rinsed by water, and 
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5.3.2 Cleaning Operation: Ultrasonic Cleaning Process 
 
As our initial research concept, pursuing a clean, low effluent, and efficient 
eradicator of residual BTA inhibitor, cleaning solution composition contains only 
fullerenol and some KOH, without complicated chemicals agents or surfactants. We 
focused on the BTA-removal effect of alkaline, low-degree polyhydroxylated 
fullerenol(C60(OH)12) solution. As mentioned in the previous chapters, fullerene rarely 
dissolves in water unless coated with hydrophilic shells, like C60/ -cyclodextrin used 
in Chapter 3 & 4, or grafted some functional branches, such as hydroxyl groups. 
However, even drafted a few hydroxyl groups to the fullerene surface, the solubility of 
the C60(OH)12 is relatively low. Its polarity of hydroxyl portions of C60(OH)12 is not 
strong enough to bridge water molecules. The use of KOH is to increase the hydroxyl 
strength to aid C60(OH)12 dispersing well with water. Increasing KOH concentration 
also increases the dissolving amount of C60(OH)12 in the water system. 
 
This study used 0.5M KOH as the dissolving media for C60(OH)12, as shown 
in Table 5-3-1 and Figure 5-3-4. BTA-coating specimens are dipped in three 
C60(OH)12 solution concentrations for 120 seconds with ultrasonication. After dipping 
with cleaning solution, the specimens are rinsed with pure ionized water, dried by an 
air gun, and kept in a dry cabinet for the subsequent surface analysis. 
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Table 5-3-1. Table of cleaning solutions 
Base of cleaning solution 0.5M KOH 
C60(OH)12 solution 0.01wt%, 0.05wt%, and 0.1wt% 
Immersing time 
(for cleaning residual BTA) 




Figure 5-3-4. Fullerene (C60) solution, which (a) is 0.01wt% and (b) 0.1wt%, in toluene. 
On the other hand, in KOH-water system, the colors of C60(OH)12 displays in 10ml 
volume of counting vials(c) to (e) which is with 0.01wt%, 0.05wt% and 0.1wt% 
concentration, respectively. 
 
(a) (a) (c) (d) (e)
Toluene KOH-water system
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The contact angle system is assembled in Figure 5-3-5, which is installed on an 
optical table. The microscope is used as a camera to capture images of the droplet. The 
screw-feeding syringe and XYZ-stage are set on the Z-axis; both microscope and ring 
illuminator is placed horizontally, parallel to the stage. Five points are selected for 
dropping a 100 L volume of water on each specimen. The droplets images were 
captured in 10 seconds and then used to analyze the static contact angles. There are 
three calculation methods for estimating contact angle, the (height-weight) method, 
tangent method, and curve fitting method. It is generally used in a rapid inspection 
system by dropping a tiny droplet which is assumed to be a part of the outline of an 
imaginary circle. The equation determines the contact angle, , 
where radius (r) and height (h) of the droplet (refer to Figure 5-3-6). The tangent 
method assumes a partial outline of droplet fitting with  points on an imaginary 
circle, and the contact angle is obtained between the tangent line and the droplet 
baseline. Either the left or right contact angle of a droplet can be determined by this 
tangent method independently. Thus, depending on the state of the surface 
configuration, it is an effective method when there is a variation between the left and 
right contact angle.  
 
As for the third way, the curve fitting method is based on numerous numerical 
analyses and calculations for tracing the outline of a droplet. The threshold converts the 
main body of the droplet from the grey scale to the pure black-white scale. While 
detecting edge, the program then searches each horizontal line and finds the coordinates 
of the first black pixel as the coordinate of the droplet edge. These coordinates are fit 
by a second-order polynomial equation and further fit the gradient of the polynomial at 
the point where it crosses the baseline. The contact angle with trigonometric relations 
is determined in Figure 5-3-6(c). Although the third method provides high precision 
and remains more information to describe the surface character, it is limited on the 
hardware of the measuring system and takes time for calculation. After we took the 
existing hardware, allowed measuring error, and handled time, the tangent method was 
applied in this study. 
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Figure 5-3-5. Contact angle measuring system assembled in Suzuki-Lab (KIT), which 
contains a microscope, a screw-feeding syringe, a XYZ-stage, a ring (white light) 

























Figure 5-3-6. Estimation of contact angle by (a)  method, (b) tangent method, and 











(a)  method (b) Tangent method
(c) Curve fitting method
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XPS 
 
After the cleaning process, the copper specimens were measured by the X-ray 
photoelectron spectrometer, SHIMADZU/KRATOS AXIS-165, located at the Center 
of Advanced Instrumental Analysis of Kyushu University (Figure 5-3-7). The Al target 
as the source ejects the Al- X-ray with a 30 incident angle to a 0.7 m*0.3 m area of 
the sample. Due to the analysis of the outer surface of configurations, the sample 
surface was not sputtered by argon (Ar) ion bombardment that even the tiny residual 




Figure 5-3-7. X-ray photoelectron spectrometer, SHIMADZU/KRATOS AXIS-165. 
(Image source: Center of Advanced Instrumental Analysis, Kyushu University) 
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5.4 Results and Discussion 
 
5.4.1 BTA Adsorption 
 
In this section, we judged the configuration of surface composition on the contact 
angle, and XPS spectra were also introduced to identify this observation. BTA 
absorption occurs on the copper surface associated with dipping conditions such as 
dipping concentration, time, and static or dynamical fluid. Figure 5-4-1 shows the 
comparison of contact angle of samples that were dipped in 0.05M BTA solutions by 
static immersion, stirring immersion, and ultrasonication immersion, respectively. 
Because the increasing contact angle could be considered a formation of adsorbing 
BTA layers on copper, the absorbing thickness is also considered in proportion to the 
increased angle. The static three show the constant and immediate BTA adsorption; 
however, while adsorbing in any turbulent fluid, like stirring or ultrasonication, the 
other six display that their angles are dependent on immersion time. And the 1-min-
stirring, 2-min-stirring, and 1-minute-ultrasonication exhibited lower angles than the 
static immersions by three intervals of time. BTA monolayer exhibits directivity 
because they are concerned about having different adsorption types, for instance, tilt, 
lay-down, or branch. When they arrange orderly and densely, the covering rate is high 
so that the increase of contact angle is constant. The BTA adsorption of static 
immersion is dominated by diffusion of concentration field. In this way, with sufficient 
concentration of BTA solution, this BTA-layer forms immediately and orderly as a type 
of self-assembly, in which its benzene ring is toward the liquid. Although the stirring 
and ultrasonication way give the forced turbulent flows to enhance the chemical 
reaction probability, this case distributes the arranging orders that influence the 
covering rate in a short time. Both stirring and ultrasonication seem to achieve low 
densities of orderly Cu-BTA arrays on the Cu surface in short times, whereas there is 
no difference in the treatments of 3-minute-immersion. Besides, ultrasonication 
generates heat to increase the chemical reaction so that its covering density is usually 
higher than in stirring cases. According to the consistency, the 2 minutes of static 











Figure 5-4-1. Contact angle of Cu-BTA surface which is adsorbed during 1~3 minutes 
by static, stirring, or ultrasonication immersion, respectively.  
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5.4.2 Cleaning of BTA-residual Copper Surface 
 
At first, two kinds of composition were selected as our cleaning solutions, which 
were 0.5M KOH as a reference, and 0.01wt%, 0.05wt%, and 0.1wt% of C60(OH)12 
dissolving the media of 0.5M KOH. Figure 5-4-2 and Table 5-4-1 summary their 
contact angles after 2 minutes of the cleaning process. The inherent Cu-oxide layer was 
removed by the pickling of citric acid, achieving a hydrophilic surface that the average 
contact angle decreased by 54.3% (76.2 34.8 ). The pickling process went with 
ultrasonication to removing oxide and any other insoluble adherence by cavitation 
completely. Due to C60(OH)12 dispersed in alkaline solution, the 0.5M KOH solution 
was treated as a reference for this measurement. The contact angle of the Cu-BTA 
surface was nothing different whether immersed in static or ultrasonication. However, 
there were distinct differences between cleaning with static immersion and 
ultrasonication. The static cleaning process (only dipping) with whichever KOH 
solution, 0.01wt% or 0.05wt% C60(OH)12 solution, has low efficiency of scavenging 
Cu-BTA films since the contact angles were still high. Static immersion could not 
recover the contact angle to the previous state of pickling. Even we increased to 0.1wt% 
C60(OH)12, the contact angle only reduced to 50.2 , which was a bit far from the pickling. 
However, in ultrasonication, the performances of these four cleaning processes have 
been significantly enhanced. Among the treatments, the three C60(OH)12 solutions 
achieved around 39 ~42  with ultrasonication cleaning.  
 
The high energy of ultrasonication acts on matters near the sample surface and 
convert to physical phenomena such as the compressed flows (resulted from cavitation 
of micron bubbles) to drive the cleaning process. To a certain extent, the ultrasonic 
waves accelerate molecules or particles striking the surface. Hypothetically, C60(OH)12 
disperses as nanoparticles in alkaline solution so that the collaboration of C60(OH)12 
nanoparticles and alkaline solution impairs the bonding between Cu-BTA and copper 
surfaces. Figure 5-2-3 draws out our opinion on the removal mechanism of Cu-BTA 
by alkaline C60(OH)12 solution. In the figure, BTA molecules adsorb to copper oxide 
surface as a complex layer with tens of nanometers. The bonding strength between BTA 
molecules and Cu2+ ions decreases from bottom to top due to the triazole ring of BTAs 
chelating firmly with the bottom of sufficient Cu2+ ions. On the contrary, the dissociated 
Cu2+ ions chelated by BTAs overlap with the weak-interaction forces of benzene rings 
and result in a loose-packing layer. The slight decrease of contact angle in the alkaline 
cleaning solution is regarded as the removal of this loose packing Cu-BTA layers since 
BTA attends to lose a proton on the triazole ring as a weak Bronsted acid and reacts 
with alkali KOH (for proton addition). However, this reaction might become indifferent 
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since the dense and plenty of bottom Cu-BTAs layers have bonded firmly with the Cu2+ 
of the substrate. Besides, from the Pourbiax diagram of the Cu-water system, copper 
forms hydroxide in alkaline solution and even as the dissolution of [12] with the 
excessive hydroxyls. And, due to this reaction, the Cu-BTA (bottom) layers that bond 
with the oxides of substrate will be expelled since the loss of their anchors. Nonetheless, 
most hydroxyls are resisted by the benzene rings on Cu-BTA, arranged closely toward 
the liquid. Therefore, the dispersing C60(OH)12 acts as a nano-supporter of mechano-
chemical reactions in the removal process of Cu-BTA since we have discussed the 
mechano-chemical reaction of C60-derivatives in the previous chapters. The C60(OH)12 
with sufficient hydroxyls receiving from the KOH bombards these Cu-BTA layers with 
the high energy of ultrasonication. Attributing to that, the alkaline hydroxyl-rich 
C60(OH)12 could touch the bottom of the copper substrate through Cu-BTA layers and 
then make a transient chemical tunnel allowing sufficient hydroxyls to expel anchors 
of Cu-BTA layers. These effects were observed in Figure 5-4-2 that the contact angle 
soon decreased when the surface was cleaned with both C60(OH)12 and ultrasonication. 
On the other hand, the vibrated C60(OH)12 molecules can serve as nanoparticles for the 
abrasion of the Cu-BTA layer during ultrasonication of the cleaning process.  
  
The above conclusions drawn from the contact angle are indirect proof that Cu-
BTA has been removed by these alkaline C60(OH)12 cleaning processes. So, the other 
analysis was made for direct verification. The XPS spectra of these specimens, hence, 
were shown in Figure 5-4-4. Its (a) shows the characteristic peaks of pure copper and 
BTA adsorbing to the copper surface. The peaks represent the 2p orbitals of copper at 
952 (1/2) eV, and 932 (3/2) eV, Auger LMM of copper in the range of 550-750 eV, 1s 
orbital of oxygen at 530 eV, 1s orbitals of nitrogen at 400 eV, 1s orbitals of copper at 
284 eV, and the rest of peaks belong to higher orbitals of copper below 150 eV. We can 
judge that the Cu-BTA has been completely removed from the copper surface or not 
according to the intensity of N1s, which belongs to the triazole ring of BTA. The 
enlargement (b) has been clearly confirmed that alkaline C60(OH)12 is efficient for 
removing Cu-BTA. In the same dipping time, the higher concentrations of C60(OH)12 
gave the complete removal of BTAs from the copper surface, but KOH and citric acid 
left the pronounced N1s peaks because they expelled a partial Cu-BTA (loose-
packing). Figure 5-4-5 demonstrates that a large copper surface was exposed since the 
alkaline C60(OH)12 expelled Cu-BTA. Besides, the tiny N1s shifting of the low 
C60(OH)12 concentration (0.01wt%) revealed the C60(OH)12 reacted with triazole ring of 
BTA resulting in removing whereas the results in immersing to 0.5M KOH and 0.5M 
citric acid only showed a slight decrease of intensity. This result supports our previous 
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concept that only alkali or acid removes the loose-packing of Cu-BTA layers during 
cleaning but has nothing to do with the close-packing on the bottom layers. 
 
Additionally, to analyze the supernatant composition by UV-visible light 
adsorption spectroscopy, the C60(OH)12 was separated by precipitation method by 
adding the same volume of antisolvent, DMSO, into post-cleaning solution and 
standing for 3 hours. A much transparent supernatant was achieved and detected 
adsorption spectra by UV-visible light spectrometer (SA100-ULP, Lambda Vision). 
From Figure 5-4-6, we can see the same and difference between cleaning pure copper 
surface and cleaning BTA-coating copper surface. There is no adsorption peak for 
baseline, a mixture of water and DMSO, but the other both show a wide bulge near 
wavelength range from 700 nm to 900 nm due to the Cu2+ ions. The difference between 
them is that the relatively strong adsorptions happened in the near-UV spectra (<300 
nm) due to the benzene ring of BTA adsorbing the high energy of UV-light. This result 
gives a dependable testimony that Cu-BTAs were taken away from the surface and 
dispersing in the liquid. The alkaline cleaning solution exhibited slight corrosion to 
copper oxide, and hence, a weak bulge of Cu2+ adsorption appeared. 
 
Finally, the post-cleaning surface was measured by laser confocal interferometer 
(CCI-Lite, Talysurf). Figure 5-4-7 shows no obvious difference of roughness after the 
cleaning process, in which the average surface roughness ( ) is located at 2.0 nm~2.3 
nm, but that cleaned by 0.1wt% C60(OH)12 solution was slightly increased (2.8nm). This 
result exhibited a high concentration (0.1 wt%) C60(OH)12 solution generated numbers 
of micron-scratches and corrosion to increase the final roughness during ultrasonication 
cleaning. Therefore, for a 120-sec cleaning process for a copper coating in 120-sec of 
0.05M BTA solution, the alkaline 0.05 wt% C60(OH)12 is efficient enough to remove 
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Figure 5-4-2. Contact angles of copper surface which were cleaned with varied 
concentration of alkaline C60(OH)12 solution. White: initial state of copper. Yellow: 
pickling. Red: pickling BTA coating. Blue: Red KOH cleaning. The rest of three 
colors: Red C60(OH)12 cleaning which F-001 is for 0.01%, F-005 is for 0.05%, and F-
010 is for 0.1% respectively.  
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Table 5-4-1. Comparison of contact angles of copper surface cleaned by alkaline 
fullerenol solutions by static immersion and ultrasonication.   
 Static immersion With ultrasonication 
Process Content Average STD Average STD 
Non As-received 76.2 12.5 - - 
Pickling 0.5M Citric acid - - 34.8 7.2 
Coating 0.05M BTA 69.9 6.3 69.5 5.3 
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(a)                                (b) 
 
Figure 5-4-3. Removal mechanism of Cu-BTA by alkaline C60(OH)12 solution. The 
two probable paths (a)(b) of alkaline C60(OH)12 removing residual BTA during the 
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(a) XPS spectra of pure copper surface and coating with 0.05M BTA solution 
 
(b) Enlargement of N1s peak near 399 eV ~ 400 eV 
 
Figure 5-4-4. The XPS spectra of (a) before and after immersing in 0.05M BTA 
solution. (b) N1s orbital of peak near 399 eV ~ 400 eV. This intensity indicates that 
alkaline C60(OH)12 is efficient in removing Cu-BTA as increasing the concentration of 
C60(OH)12. Besides, Cu-BTA has a certain resistance to alkali (0.5M KOH) or acid 







0.5M Citrate acid (pH 1.5)














Figure 5-4-5. Enlargement of XPS spectra of Cu 2p orbitals. The increasing intensity 
shows that the copper surface has exposed from Cu-BTA layer after cleaning by alkaline 






















Figure 5-4-6. UV-visible light adsorption spectra of the supernatant of alkaline 
C60(OH)12 solution after cleaning solution. The red line shows baseline which is water 
mixed with the same volume of DMSO. The blue line shows sample cleaned pure 


















Figure 5-4-7. Average of surface roughness ( ) after cleaning process measured by 
laser confocal interferometer (CCI-Lite, Talysurf). 
 
Cleaning processPreparation
As-received 0.5M Citric acid (pickling) 0.05M BTA (coating)
0.5M KOH + 0.01wt%
C60(OH)12 (cleaning)
0.5M KOH + 0.05wt%
C60(OH)12 (cleaning)
0.5M KOH + 0.1wt%
C60(OH)12 (cleaning)
0.5M KOH (cleaning)0.5M Citric acid (cleaning)
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5.5 Summary 
 
This chapter reveals the potential of alkaline C60(OH)12 to remove the residual BTA 
layer on the copper surface. We simulated the BTA layers remaining on the post-CMP 
surface of cooper circuits by immersing the copper blanket specimens in 0.05M BTA 
solution to chemisorb a thin Cu-BTA film and then cleaned with alkaline cleaning 
solutions. Due to a hydrophilic chemical tunnel against chemisorbing BTA during the 
CMP, the C60(OH)12 can serve as scavengers of residual BTA in an alkaline-based 
solution. The result of contact angle has exhibited the performance of expelling BTA 
that made the hydrophobic BTA-coating surface turn into hydrophile. The removal 
mechanism has been hypothetically described in physical and chemical mechanisms, 
respectively. The physical principle of BTA-removal is assisted by the nanoparticle-
C60(OH)12 bombarding Cu-BTA film with the high energy of ultrasonication until 
reaching the copper substrate. And then, the chemical removal takes over the divorce 
of attached oxide under BTA monolayer while C60(OH)12 is carrying a great number of 
hydroxyl (from alkali KOH) near the substrate and resulting in a partial oxides 
dissolution (CuO/Cu2O). Although the alkaline solution, 0.5M KOH, caused a part of 
BTA removed, referring to the results, either contact angle or XPS spectra have 
indicated a substantial amount of BTA remaining on the substrate. Besides, for the 
influence of post-clean surface quality, the average surface roughness becomes worse 
when C60(OH)12 concentration is too high; however, it takes more time to remove Cu-
BTA entirely if it is too low.  
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Chapter 6. Conclusions 
Since the technologies of 5G mobile networks and electric hybrid vehicles have 
been widely applied in our lives, we started to notice the manufacture of 
monocrystalline SiC substrate. SiC behaves as a representative hard-to-process material 
because of its high hardness and chemical inertness. It usually takes a long time in the 
early manufacturing stages of semiconductors, e.g., long time CMP for planarization. 
Hence, this thesis aims to develop a novel auxiliary abrasive for SiC CMP to reduce 
the processing time. The cause to choose water-soluble C60-derivatives as additive 
abrasive of colloidal SiO2-based slurry is according to the perfect symmetric sphere of 
a single molecule and diversity of chemical and physical properties; in addition, the 
claimed superhard-phase C60. We expected to utilize the specific mechanical properties 
to resulting such a mechano-chemical reaction to enhance the polishing efficiency of 
SiC substrate CMP.  
 
Chapter 3 studied the fundamental physical properties of the C60/CDs inclusion 
complex (suspension), the feature size, the dependence of overtime, pH value, and the 
host body. And we got enhancement of both removal rate and finished surface 
roughness by a C60/ -CDs hybrid SiO2 based slurry. In Chapter 4, however, the 
degradation of C60/ -CDs hybrid slurry while reusing in CMP since C60/ -CDs clogged 
in pad asperities. After altering other smaller C60-derivatives, C60(OH)12/DMSO, MRR, 
and clogging problems are significantly improved. Besides, the abrasion mechanism of 
C60/ -CDs hybrid SiO2-based slurry is proposed, and the formation of the specific 
machining marks is also mentioned. Finally, Chapter 5 revealed the potential of 
alkaline C60(OH)12 in scavenging the residual BTA layer on a copper surface. The XPS 
results and contact angle have shown that residual BTA was removed by the chemical 
reaction of alkaline fullerenol solution and mechanical cavitation. The purpose of the 
thesis is to investigate novel applications for the semiconductor manufacturing process. 
 
Chapter 6. Conclusions 
For future works, firstly, optimizing the preparation of water-soluble C60-
derivatives is necessary since the smaller size is, the less clogging probability appears. 
Besides, smaller abrasive water-soluble C60-derivatives can possess more surface area, 
resulting in more probability of mechano-chemical effects for abrasion. Secondarily, 
using the numerical model to simulate the motions of abrasive against wafer and pad 
surface can predict the cause of the machining defects more definitely. The final one is 
that C60-derivatives can be added in pad material during the pad fabrication, which 
means forming a fixed abrasive polishing. And then, the distribution and dispersity of 
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